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TRANSLATOR’S PREFACE 


The fascinating possibility of predicting the course of a chemical 
reaction from a few characteristic constants of the reacting 
substances seemed very far from realization after the ill-starred 
attempt of Berthelot. Eecent attacks upon this problem have 
been more successful, and the future is promising. 

Prof. Haber’s book entitled ‘"Thermodynamik Technischer 
Gasreactionen ” is a most important contribution to this sgibject. 
It is a pleasure for me to assist in making this book better 
known to the English-speaking world. 

Professor Haber has thoroughly revised the German edition 
purposely for this translation. Many parts have been re-written, 
and the changes necessitated by the progress of the subject 
during the years 1905 and 1906 have been made. In those 
lectures where this involved too extensive alterations the 
original text has been adhered to, and the new results added in 
appendices. The appendix to the Third Lecture was trans¬ 
lated by Dr. Maitland, that to the Fifth by Mr. E. Le Eossignol. 

The translation of the first four Lectures was completed in 
its final form in the spring of 1906. 

It gives me pleasure to acknowledge the valuable assistance 
rendered me by Dr. M. H. Hunter in the reading of the proofs. 


New Yoek City, 

October Id, 1907. 


ARTHUE B. LAMB. 






PEEF AGE 


Duking February of this year I delivered a series of seven 
evening lectures on the thermodynamics of technical gas re¬ 
actions, before several of my colleagues and a number of my 
younger research students. I could assume that ray audience 
was familiar with the chemical and technical side of the ifubject, 
but was obliged to develop the mechanical theory of heat from 
its very foundations. These lectures, intended simply to intro¬ 
duce the subject for discussion by my colleagues and students, 
are here reproduced. 

Questions asked me after the lectures, and certain difficulties 
which were encountered in making the subject clear, have led 
me to make my explanations here somewhat fuller, and to adopt 
the style of an essay rather than of a lecture. 

I have not made use of the atomic hypothesis in these 
lectures. This is not due to any antagonism on my part to 
this hypothesis. I am simply convinced that the application 
of the mechanical theory of heat to chemistry becomes easier 
and more comprehensible the closer we restrict ourselves to 
the heat and work effects of masses directly perceptible to our 
senses. 

In presenting the fundamentals of this theory, I have chosen 
Helmholtz’s point of view. From it a chemical reaction is 
considered to have a latent heat just as does any simple change 
in the state of aggregation. Consequently, in my presentation, 
the two parts into which total energy can be divided are not 
spoken of as free and "bound energy^ but as reaction energy and 
latent heat. Various reasons have led me to adopt this less 
usual nomenclature. In the first place, latent heat is a concrete 
entity appealing directly to our senses. The idea of bound 
energy” is an abstraction. Then, too, the intimate theoretical 


X 


PREFACE 


and practical connection between gas reactions and the disso¬ 
ciation and vaporization of solids can be much more readily 
appreciated from this standpoint. Finally, starting from it, 
there is no dhBBiculty in grasping both the idea of a temperature 
coefficient of maximum work, upon which van’t Hoff, Ostwald, 
and Nernst based certain special considerations, and the idea of 
entropy w'hich underlies Planck's method of treatment 

In connection with the work of Helmholtz, and particularly 
because of an article by van't Hoff in the “ Festschrift" pub¬ 
lished in celebration of Boltzmann's sixtieth birthday, I have 
discussed at length the influence of specific heats on the energy 
of gaseous reactions. The special importance of specific heats 
in this kind of reactions is fully discussed at the end of the 
Fourth Lecture. The methods of measuring specific heats, and 
the data we thus fer possess in this field, have also been treated 
at length ; indeed, very much at length in some places, in order 
to permit the reader to criticize the choice finally made. Our 
knowledge of specific heats is at present so scanty that we 
must often trust to a sort of expert instinct in selecting proper 
values, without being able in some instances to prove definitely 
that the chosen results are really better than those of some 
other investigator. 

The book has been written for the sake of technical rather 
than theoretical chemistry. I hope that it may facilitate both 
teaching and experimental investigation of the subject of tech¬ 
nical gas reactions. It is not a handbook, nor does it attempt 
a complete presentation of all the material, but rather a clear 
and exhaustive treatment of the more important cases. How 
wen I have succeeded in this clarification must be left to the 
decision of my colleagues. 

Messrs. Gottlob and Moser have assisted me greatly in the 
many numerical computations contained in the book. I shall 
be grateful for notification of any inaccuracies of any kind which 
may be found. 


OABIiSETTHE, 

May ‘i.m, 1905. 


F. HABEE. 
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THERMODYNAMICS 


FIEST LEOTUEE 

THE LATENT HEAT OF CHEMICAL EEACTION AND ITS RELATION 
TO REACTION ENERGY 

Gentlemen, —In these lectures I shall endeavour to make 
clear the significance of heat factors in gas reactions, with 
especial reference to the specific heats of. the interacting sub¬ 
stances and to the heat evolved during the reaction. ^ 

Thermochemistry concerns itself in general with the total 
amount of heat evolved (or absorbed) during the whole course 
of a reaction, but leaves quite untouched the question as to 
whether the reaction goes to completion in one direction or halts 
in an intermediate (equilibrium) condition. 

All simple gas reactions do halt at such equilibrium 
conditions, and are consequently incomplete. Often, indeed 
as a rule, this incompleteness only becomes perceptible at 
high temperatures.^ But phenomena at high temperatures 
are precisely what interest us here. In the region of low 
temperatures, gases often react very sluggishly with one 
another. The reaction velocities are then the governing 
factors of the process, and these are not to be predicted 
in advance from the standpoint of the theory of heat. The 
higher the temperature rises the less important do these factors 
become, while the equilibrium phenomena which are subject 
to theoretical treatment attain prominence. These equilibrium 
phenomena ^ are all that we shall concern ourselves with here. 

^ Theoretically every reaction belongs to this class, and may therefore 
be termed reversible. But it must be possible to demonstrate experimentally 
this reversibility under any conditions if its theoretical consideration is to be 
scientifically useful. 

2 Here we mean only “ real” equilibria, which can be reached from both 
sides. The “ false ” equilibria, which can be reached from one side only, 
and their relation to passive resistance and reaction velocity, will be 
discussed in the last lecture. 
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Tliey liave often been discuHmHl in n>lati«ii! t*» tin* mnA* m in.» 
of the reacting subfltances, but the iti!iii«*nrt» !•> tb«* 

specific heat of the substances has n««iv'w! but li! th< 
I^^Ohatelier,’^ to bo mm, «b<m’t«l huig ago, in n 
work on dissociation, tJio iinjtorlannn of sjifrifio !»«t ibi * 

work was not acconled the goneml nolio« mhirli ii 
Tlie result is that our knowlcxlge of the subpinl in «n 4 

the number of cases at our dwpcml is ncmnty. Tli»* t 

has, liowovor, ho broad a signifiounf'e il in «.nf 

while to Imcoino conversant with it. Oiilj wlwn w« « 
the Joint effect of mass action and thi* » . j fin I 

reacting substances are we abkl fwtu olw'mition** nuido hI nnir 
one temperature, to draw itiferonew nsRarnlliig liio i 

which will take plaee at a tomporatiirc, nav » shouwnd 4i%w*i 
higher. The theory even affonis «« iliu (,f la ingl 

able to find out all al>ont a gas eqitilibrinni at Ingb 
tures, simply from a knowWge of the Is'al fniU>rt <'forojto'd, 
without any expedmental dKlCTminaiioiw of inatt 
Safetofactory confirmation, howevgr, of thw !wi *|«jt ia lorlinii. 
because our knowletlge of the /»jH»'ific httaf/* of t- !t> \ h 
too inoomplete. 

Gas reactions at high tonperaturM fiw|ni«iilly a very 

^gM praotical interMt. We should UMfiilion, in ihi» fir»t | 4 ««i% 

those hating proeesw whm earlwtt diosido and 4.»|. Mr 
tmpeetf formed. Thwo sulMtancfw dwiweiate at %'eiy high tntapafa,* 
torn , tures into free oxypn, oarlwn monosido. and l4ydr.ff*<-n fh« 
effect of temperature and theconijaHilioji of iho gn« n$%\Un> .41 
tlie dasooiation of the carbon ditotuio and tho vrai* i.va|4*»r to 
a first question of im|Kirtanoe, which tmj%t in4v*.d by nmun 
of the meclianical theoiy of heat. The two . 


and 


2C0 + 0»$2t'0, . 


(I) 


2Ha + 0a!;i^2IfaO . , ^ 

are connected with one another by the wiaiioM— 

C0 + Ifs0^t’f»*+Hi . . 01 

‘ dm Mim^ vifi. 13 (ISSS^ iSf. 

* fece &« paWfoatteB the Oemsw wUihtw uf ihb Km-t l.«* 
frT. ^ ^ and ChmMtf « 
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We can decide in which direction this so-called water-gas 
reaction will proceed at a given concentration of the four sub¬ 
stances in the gas mixture, and at a known high temperature, 
when the dissociation conditions represented in ( 1 ) and ( 2 ) are 
known. Dissociation of this kind also possesses a great signifi¬ 
cance in technical inorganic chemistry. The reaction— 

2 SO 2 *4" O 2 2 SO 3 .(4r) 

forms, as is well known, the foundation of the modern method 
of sulphuric acid manufacture. The two reactions— 

2HC1§C]2 + H '2 .(5) 

and • 

2 H 20 ^ 2 H 2+02 .( 6 ) 

taken together, give us Deacon’s chlorine process — 

. 2 H 2 O + 2 CI 2 S 4 HC 1 + O 2 . . . . (T) 

The possibility of making ammonia from its elements, and 
nitric oxide, and consequently nitric acid and the nitrates, 
from the air, is governed by the relationships given by the 
mechanical theory of heat for the reactions— 

N 2 + 3E2:^2NH8.( 8 ) 

and 

N 2 + 02:^2N0 .(9) . 

The fundamental thermodynamic relations which we will The 
consider can be applied to the reactions of solids, liquids, and 
gases. They are employed under the most varied forms, gas law. 
especially for molten and dissolved substances. But they 
assume a particularly simple form for gaseous substances, because 
in these the pressure, temperature, and volume are connected 
by a very simple relation, while in the case of molten or 
dissolved substances no similar general relation connecting 
these three quantities is known. This relation is— 

= ET.(10) 

where = pressure and v = volume. If we consider a mol as 
the unit of mass, experiment shows us that at a pressure of one 
atmosphere {i.e. at 760 mm. Hg at sea-level and latitude 45 °) 
this unit of mass occupies 22*412 litres at a temperature of 0°. 
Equation (10) requires that the temperature be reckoned in 
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degrees on tlie absolute scale. The zero point of this scale is 
generally put at —273® C. It is equal to minus the reciprocal 
value of the coefficient of expansion of an ideal gas (2 ) 3). The 
coefficients of ordinary gases are very slightly different from this. 
By careful consideration of the deviation from the behaviour 
of ideal gases which ordinary gases show on compression and 
expansion it is possible to find the coefficient of expansion of 

ideal gases.^ It amounts to 2 i 7 g ~ QQ absolute zero there¬ 

fore is, strictly speating, not at — 273°C., but 0*09° lower 
This difference will be too small to be considered in our later 
calculations, but we must take account of it here, in order to 
determine E with all possible precision. We then get— 


Tlh.e gas 
constant 
in litre- 
atmo¬ 
spheres. 


22*412 X 1 
273*09 


0*08207 


This value of E is expressed in litre x atmosphere imits (litre- 
atmospheres). If we compute the volume in cubic centimetres 
and the pressure in dynes per square centimetres, it becomes— 


The gas 
constant 
in absolute 
units. 


22,412x76x13*596x980*6 


273*09 


? = 0*83155 X10® abs. units 


Here 76 is the height in centimetres of a column of mercury 
which exerts a pressure of one atmosphere; 13*596 the weight in 
grams of a cubic centimetre Hg ; and therefore 76 x 13*596 the 
weight of the mercury column which exerts a pressure of one 
atmosphere per square centimetre. Since the gram weight at sea- 
level and lat, 45° corresponds to 980*6 dynes, then 76 x 13*596 
X 980*6 is the pressure in absolute measure of an atmosphere 
on a unit of surface (1 sq. cm.); that is, the pressure on a 
piston 1 sq. cm. in area working in a cylinder containing 
1 mol (22,412 c.c.) of gas. 

For our purposes it is most convenient to measure E in heat 
units (gram calories); We therefore need to know the value of 
a gram calorie in absolute units. 

1 For the theory see Mach, ‘‘Prinzipien der Waermelehre ” (1900), 2nd 
edit., p. 309 (or translation). 

2 Daniel Berth^lot, Z,f, x. (1904), 621; ^dNemst, idem.. 

m. 
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This value depends upon the temperature at which it is 
determined. At present it is usual to define a calorie as that 
quantity of heat which will warm 1 gram water from 15° to 16°.^ 
The quantity of heat required to raise 1 gram of water from 0° to 
1° is greater than this hy 0*06 per cent. This somewhat larger 
zero-point calorie used to be (till about 1880) preferred. In its 
stead Schuller and Wartha ^ substituted the quantity of heat 
necessary to heat 0*01 gram of water from 0° to 100°. (Ostwald ^ 
took a hundred times this value as a unit and called it K.) 
This mean calorieis very nearly equal to the 15° calorie.^ 
The mechanical equivalent of heat has been set by the Committee 
on Units of the Deutschen Bunsengesellschaft as equal to 
41*89 X 10® erg.^ 

We get from this— 

P _ 0-83155 X 10® _/gram-cal.\ , 
41-89 xl0« T ) 

We shall use later, in our numerical calculations, the abbre¬ 
viated value 1*98, which is very near the exact value of R 
computed on the basis of the 15° calorie, the zero-point calorie, 
and the mean calorie. 

The reactions (1) to (9) all proceed till they reach an equi¬ 
librium. Indeed, the characteristic of the equilibrium condition 
is that there the reaction will not of itself spontaneously progress 
in either the one or the other direction. That is, the driving 
force of a chemical reaction is zero at the equilibrium point. 
If we know the composition of the gas mixture at equilibrium 
for any given temperature, then for any other composition of 
the gas mixture ar the same temperature the driving force of 
the reaction is given by the distance from the egxdlihrium point 

We should at first be inclined to call the reaction energy 

^ Or more accurately from 15.J° to 16^°. Compare Warburg’s report on 
the unit of heat read before the Naturforscherversammlung in Munich (1899, 
“Bericht uber die Verhandluugen,” p. 62). 

^ Lehrb, d. allg. Chemie, (Leipzig, 1893), p. 72. 

^ According toBehn (Drude’s Ann,^ 16 (1905), 653), the mean calorie is 
greater hy 0*03 per cent., according to Dieterici {idem,, p. 593), 0*2 per 
cent, greater, than the 15° calorie. Other figures are given by Planck 
Thermodynamik ” (Leipzig, 1905), 2iid edit., p. 31). 

^ Zdtschr.f, ElehtrochemUy ix. (1903) 686. 


The gas 
constant 
ill heat 
units. 


Equili¬ 
brium and 
driving 
force of a 
reaction. 
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the total work ’wMch a chemical leaction can do during its 
. whole course. This definition, however, is unsuitable for 
theoretical treatment. 

Reaction The driving force of a chemical reaction changes continu- 
and^com- Odisly with the changing composition of the reacting mixture, 
position, riie nearer we approach the eq^uilibrium point where the re¬ 
action stops, the smaller does this driving force become. We tahe 
as units of transformation, the transformation of such amounts 
as appear in equations (1) to (9). Thus, in reaction (2), the 
change of one mol O 2 , two mols Hg, into two mols HgO is 
the unit of transformation. The reaction energy of every 
infinitely small fraction of this unit quantity is equal to 
the driving force A multiplied hy the quantity transformed, 
that is A X To get the total energy of transformation, we 
must find the sum of all the quantities k. x with the aid of 
the integral calculus, having first expressed A as a function of x. 
Such an expression would be awkward and involved. It is 
therefore better to consider the quantity of gas so great that 
the transformation of a unit quantity would have no appreci¬ 
able effect on the composition of the mixtnre, and consequently 
Cjanse no appreciable change in its driving force. We then get 
for the product of the driving force into the unit quantity 
transformed (that is, one mol) the value A x 1 = A, and con¬ 
sider this as the reaction energy. The value A of the reaction 
energy, therefore, characterizes only a single tiny phase in the 
progress of the reaction, during which the composition remains 
constant. It shows na, however, how far we are from the end 
of the reaction or the equilibrLum point where A = zero, and 
fcis ia tlie important thing. 

oflSion reaction energy A may he expressed in any units of 

eawgv. energy which suit our oonvenienoe. In what follows, we shall 
always measure it in gram calories, taking for practical reasons 
as far as possible the 15® calorie as our unit of heat. However, 
the older data are often expressed without any precise definition 
of the ealori© used, and the possibility even of a sure recalculation 
is not always afforded by the data given, The smaUness of the 
difference between the mean, the zero and the 15® calorie makes 
this uncertainty less trouhlesome. 

Hoy com- , Considering the composition of the gas as invariable during 
position reaction, we are at liberty to expr^s this composition either 
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in concentrations—that is, in number of mols per unit of may b© 
volume (litres)—or in partial pressures. The choice has a two- 
fold importance. If, for instance, we pass from conditions 
at one temperature to those at another, considering the com¬ 
position as the same in both cases, it makes a difference 
whether we express the composition in concentrations or in 
partial pressures. In the first case the concentrations remain 
constant, and therefore, too, the volume of the gas mixture. It 
follows that, on heating, the pressure of the gas mixture will 
increase. In the second case, however, the partial pressures, and 
conseq^uently their sum, the total pressure, remain constant, and 
the volume will therefore be increased. We deem it simpler to 
take the concentrations as the determining factors of the com¬ 
position, and then to consider what small changes we must make 
in the formulae we develop, in order to use partial pressures in 
their stead. There is also a second point of view. If we^on- 
sider reactions in which a change in the number of molecules 
takes place, such as the formation of water or of ammonia from 
the elements, we find that it makes a difference whether we 
postulate a constant volume or a constant pressure, even when 
we restrict ourselves to the consideration of reactions at one 
temperature. If we denote the numbers of molecules by 
v\ v'* - . . ; considering the number of molecules of dis¬ 
appearing substances as negative, we have, for instance— 

2 E 2 + 02 = 2 H 2 O 

/= ^2, -^1, +2, andSy = -1 

N2 + 3H2 = 2NH3 

= -1, v" = -3, = +2, and 2/ = -2 

then at constant pressure the volume increases during the 
reaction by Sv' X v (where v = volume of a gram molecxile).^ 
External work is therefore done on the atmosphere which at a 
constant external pressure, amounts to (Sy')jpt?. At constant 
volume this expenditure of work does not occur. We shall see 
later that this expenditure of work may be eliminated from our 
formulae, and consequently does not interest us. At the start 

1 In both examples the change of volume is, of course, negative. 

2 In both examples the work done is negative. The gas mixture then 
has work expended upon it. 
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wo shall make its considoratioii niiiii'«‘<*.«i>ry h.Y d. iijiiii/ i!*.* 
compositions by concentrationR cxjtn'Ri^t’il in ni'iin j‘»i 
and always adhering strictly to the rule /An/ m •/ ».«/. 
which wc rruiij eondder the volione $hiill rnn'dii mu ;/<o,f. 

Tho i>osition of the oqnilibriuiii is ih'jd'ndiost ”1’'^’* 
temperature. A mixture of gasuH v\hii'h i‘ in rqnilibiitJin :ii 
one temperature will not in general bii m al an»<t!i* r t» top 11 
turo. Tho quantity A which tin* »H l nn .- 1? on 

equilibrium would have no definite nu’.’uiiii}; if w* ' 

temperature to change in a gas mixturti during lh«‘ 
phase we were considering wdien tliori' was no jicin’j.ul'h 
change in. composition. If, in a reaction surh h;« the 1 »*ii<s.jS h<» 
of water from a mixture of oxygon and hy«lr<»gr» « »* into fin* 
that the process is resolved iuti» an infinitu immlcr >4 ^'iry 
small stages, then the coraposilum and tlw, !<«« 

woriid remain constant in each soparari! stn^*, «udy jsii 

infinitely small amount of gas would 1« tranRhirmod, uiid enum- 
quently only an infinitely small amount of Iwuit Uli»'rat<‘4. l o 
that the temperature would not ja'rceptihly fhnngc Ihrouglu.Mi 
the whole mass of the gas. If, again, w« mwiditr tU«’ ijuanlify 

the gas mixture so groat that the Iranaforinalttin »*f a nn*-! 
produces no appreciable change in the com|to«ili»4i, wh«’te «on' 
soquently the value due can kr taken ns to 1, w«* abci lt«ui' 
a condition in which the hart evolvocl in the lian *f'*rnKrtS<«*n 
of a mol becomes vatjwhingly small, fi»r the irwtKU* lo at » t 
distributed over tho whole mass of gas. fhr rtwtimi . mrn<( A 
fhm applies only whm the conipomtkm nmt Itmjwrtiturf »*/ 
rmtwp pas mixture rmain (mdant. 

If we compare the conditions under which the wsscti«i» 
energy A, as defined, m to be detenninod, with llnii» r«u* 
ditions rwsognized in thermochemistiy tiiidin* which iIm» n»«cli«»ii 
heat is det®*ained, we are wnfronhMl with an iiti|siri««t 
differraice. In the arse of the reaction lient, we mak® «iiw» dial 
the reacting substance shall Ire at tli® aaine tir n<«r!y llit* wiiie 
temperature at the end as at the Ij^innitig of the re^tion.* 

‘ Two principles find general aj^lieation in oal«ri»«4fy «*/ e**i txmitHW. 
According to one, the reaction is mark to take place in » 
by a large heat reservoir, usadBy a water-bath of known hart eapaellf, ami ll»« 
Tke ot temperatore in this, seldo» amonntlng to Hwre than a few |» 

MMismed- Wfcle exprienoe showi that reaction beet clm«iw Imt diilrtlf a Oh 
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li lint iiiiiti4*r if wunn time during the reaction the 
tfiwtiiig mistuw! in himtisil UnntKtrarily to a higher tomjioraturo, 
lor, iM-eordiiig t«t fundamental iirineipliw, the heat evolved is only 
♦h'jd'iideiil «tu the initial aiul final stages,and in the case that the 
and tinal teiiijs'iatures are identicial, it amounts to tho 
*•( 11111 ’ In the end US if the temjssratims luul remained constant 
all the while dimiig tho reaction. Changes in composition 
during thn rwuditm are jsn’misfiihlo in tho determination of 
the iTui'tion heat, hut not in th(5 measurement of reaction 
em;rgy. From the exjHU'imental standjKiint, tho reaction hoat 
when a very small quantity, (fx, was transformed could not bo 
uetnally dehnniined, lujcauso it would 1)0 so small. The fact 
that the reaction heat, <^Hi>t5cially in tho case of gases, is inde- 
IHUident of the comiKtsition of tho reacting mixture is decisive 
e.viileuee that we am here neglect entirely tlie effect of changing 
cunqsisttiori. The reaction energy of the comhustion of an 
oxyguii-ljydrrjgon mixture clianges when we dilute tho gas 
mixture with nitrogen, while the reaction heat remains 
unchanged. 

Isit us consider a inaction at constant temperature and Eoaotion 
composition, in which neither mechanical nor electrical work is iRoJeaso 
done, w» tliut the hoat evolved is a measure of tho total energy of tho 
change of the proctss. Since heat is liberated, the total energy energy, 
of the n^actiiig suhstanajs evidently decreases. If tho reaction 
heat, W'hich we measure in the calorimeter, is independent of 
tho com|KMitkm of the reacting mixture, then it represents 
without any further correction tho decrease in tho total energy. 

(With dissolved 8uhHtanc.eK wo must test tliis independence from 
awe to cim»\ This is ea-sy to do, hy simply testing in succession 
c»«;h HuhsiamM! taking part in tho reaction to see whether a 

ill*) If, tlicii, the touit'cnitnrc. of tho water-hoklor is raised from 

!>f logo' hy the reaction, fhoro is no ohjcctioii to nnsuming tliat the olisorved 
vaJnc corrc(.|M(nils whli nil doMiritd aoonmey to that which would bo obtained 
had the caloriiiictcr a heat (iqmcity a tlioiiKiiid times as great, and tho 
initinlattd final tem|Mtratiirc‘ had hnen 14'!>!lf>® and Ifi'OOS'’ respectively. Wo 
have, lliitrc.forc, incusiired thn reaction heat for the reaction taking place 
isolhwnmlly at 15”. Thn Hi’Cniid prlimiplo has been embodied by Junkers 
(Itiii'h, Juuriml far OiuiM. u. Wamrmnitrfiunij, 1893, p. 81; Halmr, idem., 

1897, |t. 751; in a ealorimctor which is very convenient for tho technical 
study wf gaaes, Ih:r« tlai ri’oeUon products are cooled to exactly the initial 
tcii»|ierature by flowing water, on flws principle of counter-currents. 
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nation 
of tlic 
reaction 
energy. 


change in its concentration causes an absorption or evolution of 
heat. If no such heat change takes place with any of the sub¬ 
stances, the reaction heat is independent of the composition. If 
such'' heats of dilution ” do appear, we have to determine to 
what extent they compensate one another. In the case of gases, 
the heats of dilution are very small, and for our purposes 
negligible.) The heat change corresponding to a unit amount 
transformed, as above defined, is called in thermochemistry the 
heat of reaction, or the reaction heat {Wdrmetbnung). For this 
thermochemical (Quantity we shall from now on use the symbol Q. 
For the decrement which the total energy undergoes when unit 
quantity is transformed at constant composition, we shall, accord¬ 
ing to the usual nomenclature, write the symbol U. The 
difference in the symbols will remind us that putting Q for U 
always involves the assumption that the change of the per¬ 
centage composition does not alter the reaction heat. 

We estimate the driving force of a reaction in synthetical 
chemistry by a sort of scientific instinct. We speak of stronger 
and weaker chemical reagents without measuring this strength 
in any specific units. 

In natural science we usually measure forces by opposing 
them with other known forces. Whenever the opposing force is 
of the same nature as the force to be measured, this method of 
determmation is easily comprehensible. But while we can easily 
measure mechanical forces by the use of a balance and weights, 
and electrical forces by means of compensating and opposing 
electrical forces, it is not possible for us to measure the driving 
force in chemical reactions with opposing forces of a chemical 
nature. We must therefore make use of dissimilar forces whose 
connection with the chemical forces is not seK-evident, and con¬ 
sequently not so easy for us to comprehend. Such unlike forces 
can he either of a mechanical or an electrical nature. Mechanical 
oppomng forces cannot be employed unless the reaction is 
accompanied by a change of volume.^ For only in such cases 

^ Considered more exactly, opposed meclianical forces are not at all 
applicable to the measurement of the reaction energy of ideal gases, but only 
to the determination of the eqnilibriiim point under Tarions pressures. A gas 
reaction may be unagined to take place isotbermically in a vessel with a 
movable piston, and the opposing pressure which at every instant it can 
compensate may be determined. If the vessel and the contained mass of gas 
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are reactions influenced by a change of pressure. Opposing 
forces of an electrical nature can be well employed in many gas 
reactions. For instance, the formation of water-vapour from 
oxygen and hydrogen, or of hydrochloric acid gas from chlorine 
and hydrogen, can be so carried on with the aid of heated glass ^ 
as electrolyte in the first case, or with fairly strong hydrochloric 
acid in the second case, that they will generate electrical energy. 
Arrangements which make this possible are called gas elements. 
The counter electromotive force which we must apply in order to 
just compensate the electromotive force of such a gas element is 
identical with the driving force of the chemical reaction taking 
place in the gas element. With most gas reactions, however, this 
procedure is impossible. Usually the only remaining alternative 
is to find by chemical methods at what composition of the gas 
mixture the reaction comes to a halt, regardless of the direction 
from which the equilibrium is reached. We then know that at 
this composition the driving force of the reaction is zero, and we 
may calculate its value at other compositions by means of well- 
known laws with which we shall shortly become acquainted. 

If on the one hand we determine the reaction energy in 
the manner just described, and on the other the decrease of 
the total energy, then of course these two quantities might 
accidentally be equal. In general, however, these quantities 
have different values. The difference is most striking if we 
consider the last of the successive phases of the reaction— 
that is, the one at which the distance from the equilibrium, 
and consequently the driving force, is vanishingly small. The 
decrease of the total energy U is here just as large as ever. 
This decrease, however, can only give us heat, for the driving 

is so large that the composition is not altered by change of unit quantity, then 
the opposed force just compensated during this change remains constant. 
Then, however, the work which is done against the opposing force is for every 
newly formed gas mol =jp?;, and quite independent of the nature of the reaction 
and of the value of the opposing force, ix, of the value of the pressure jp. If 
we change the composition of the gas mass, and consequently its reaction 
energy, the pressure 'g becomes different; the work pv, however, is the same. 
This means that the expenment only gives the position of the equilibrium 
point at the pressure g. 

^ Till recently, it has been assumed that water containing acid or alkali 
could serve this purpose. However this so-called “ G-rove’s element ” has 
been proved to be incorrect, as will be seen in the Fifth Lecture. 


The latent 
heat of 
reaction. 
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force of the reaction is gone, and with it the possibility of 
generating electrical energy. If, in the element just mentioned, 
where hydrogen and chlorine combine to form hydrochloric acid, 
we choose such a concentration of chlorine, hydrogen, and hydro¬ 
chloric acid gas that the system is infinitely near the equilibrium 
point, then^the electromotive force is infinitely small, although 
the reaction heat (corresponding to the formation of two mols of 
HCl) has now, just as before, the high value of 44,000 cals. By 
choosing various relative concentrations, we are enabled to give 
all possible values to the difference between the reaction energy 
A and the reaction heat Q. Further, at given concentrations, 
this difference is dependent on the temperature we choose. 
Every isothermal chemical reaction which proceeds with the 
production of the maximum amount A of work, is connected, 
according to temperature and to the concentration, with the 
appearance and disappearance of definite quantities of sensible 
heat. The whole application of thermodynamics to chemical 
processes hinges on this point. The development of chemistry 
is responsible for the fact that this connection never occurs to 
us in the case of ordinary chemical reactions, while it appears 
as wholly self-evident in the very closely related phenomena of 
change in the state of aggregation. In chemical reactions we 
are always inclined to assume that the reaction energy (which 
we measure by the amount of work which the process can 
do, as above set forth), is equal to the total energy change 
which we measure in the calorimeter. On the other hand, 
in the case of a simple change in the state of aggregation, 
we consider the very reverse as self-evident. In principle, 
there is absolutely no difference between the two classes of 
phenomena. 

Com- Let us imagine a large vessel, closed by a movable piston, 

containing water at a temperature of 100''. There is water- 
change in vapour above the water, and this, acting against the inside 
aggr^a- surface of the movable piston, is in equilibrium with the’external 
^^on. atmospheric pressure.* An increase of this external pressure 
causes the piston to sink and the water-vapour to condense. If 
we lessen the pressure, water win be converted into steam, and 
the piston will rise indefinitely, provided only that there be a 
sufficient quantity of water present. In both the former and the 
latter case it is assumed that provision has been made for the 
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ul»KtitM‘ti<»n or introduction of boat in such quantities that the 
tcni]>eralure is kept constant at 100". When a mol of -water 
vajMHir cotulonses, an estmonlinary qxuuitity of heat, amounting 
to 9050 grain-cid., is set free. When a mol of water-vapour is 
formod from liquid water, the same quantity of heat is absorbed. 
The fact that in the formation of the water-vapour a small 
amount of work for one mol, i.e. 746 cal. at 100° 0.) is done 
by the pi.ston rising against the pressure of the atmosphere is 
unimiKjrtant, for this amount is negligible in comparison with 
the 96,50 cal. Overlooking, then, this small quantity, wo must 
admit that the heat of va|>orization corresponds exactly to the 
total energy change in a chemical reaction taking place at, or 
very near, the equilibrium, which gives no work. When a 
change of state takes place at constant temperature, and sensible 
heat is absorbed or evolved, wo say in everyday phraseology, 
according to the direction of the change, that in vaporization Ifeat 
b^mmes latent, and in condensation heat reappears out of the 
latent wndition. In the same sense, we can, with Helmholtz,^ 
speak of the latent heat of a chemical reaction, meaning thereby 
the difference between the maximum electrical or mechanical 
work A which w« can got as the reaction progresses at constant 
ttunperature and constant composition, and the accompanying 
decrease in total energy, U. The latent heat of a chemical 
reatdion, then, is that amount of sensible heat which appears or 
di»ap|»ear8 when we cause the process to proceed furnishing, the 
largeat powible yield of electrical or mechanical energy. On 
the oU«»r hand, it should Ikj recalled that the decrease of total 
(mergy is ecpial to the heat which is evolved when we allow no 
tdiMdrical or mechanicjil work to bo done. Both quantities aro 
equal when the transformation is incapable of doing work (that 
is, in the case of chemical equilibrium). Otherwise they differ 
by the value of the reaction energy (work obtainable) of the 
reaction. This gives us the expression— 

A-V=-q .(11) 

Here we use -q to designate the heat which is used up, or, in 
other words, “ becomes latent.” ® 

• Vorlesnngon, v«I. vi, “ Theorio dor Warme ” (edited by Bicharz), p. 28 C 
(Wpzig, 1903). 

* In leclna's, heat or work taken up by the reacting system is 
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According to another mode of expression, likewim* originat¬ 
ing from Helmholtz, A is called thts decraiws in fate eiiorgy, q 
the decrease in bound energy.^ 

Just as the latent heat of vaporization of wnUtr ohniiges with 
the temperature, so the latent heat of a ehemical nmction in alw 
dependent on the temperature. The fact tliat the Intent hwit f>f 
a chemical reaction is also dependent on th<s com|a»«itiiin of the 
reacting mixture is the only point of dissimilarity. A olmnge in 
composition is evidently imi^ssible in the cawnif a im-re cliangw 
of state of a simple substance. 

Diieot We are able in some cases to directly inoiienro tlio liitwit 
meaanr^ heat of reaction in a calorimeter. We can, for iiislanai, allow 
the latent the reaction to take place m a galvanic msll iiniin*r»«ni in ii 
calorimeter, and put the resistances in which wo convort ita 
electrical energy into heat in a second mlorimuter. Wo i:«ti con¬ 
nect the cell with the resistances Ity menus of thifk wiri*« aiiit(»«t 
devoid ofresistance, so that no appreciable eketritad energy shall 
be converted by them into heat. When the eleuusnl. (iel4,» e oht uiii 
an evolution of heat in the first calorimel(*r which repnt«i*nt4 tin- 
quantity q. We must, however, make a small corrcctieii for the 
heatmg effect of the current in the cell itwdf, this cjirrcilitii* 
being easily calculated from the rcsistanee of tlu* ci*l! iiinl the 
current which passes through it. In the second I'idotinicy r, i*n 
the other hand, we measure the reaction eneigy A in heat nnii'i. 
If we place both cell and circuit in a single oaloritnoP'r, iiiiti'ad 
of in separate ones, the generation of heat ia tho aaiiio as thwiigh 
we let the reaction take place in the calorliiioti^r without 
electrical assistance. It corrwponds, therefore, to the value of 
Q or U. Jahn* has, indeed, carried out exisjriineiita of thi» 
kind with success. Gas reactions were not chomui as examples 
in these experiments. But so far as the priiieipk i» i;oui’4!rn»*4, 


consideied negative, heat given off, or work (lone by tk rraciii,.. {« 

considered positive. According to (11)— 


A + g.= U 

I- «>»i •• -"k ■>«», A. 

18 (1895X399.^' 1^6). P- Wi 
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lliPit! m iitiiliiiig ill till* way cif curryingmii an cxpnriiiirnit of tills 
kiiwl willi giwrt*a€ll<iiis; tliii fiiiniiiilicm tif liytlrcM'Jilciric iicicl from 
iiicl clil«*riin% fur iiiiliirin*. Fnriliis pnrpom^ wo slioiild 
liavi! in liytlrngcii iiikI f*liiiiriiio in at ili« alt'ciroclos of a 
miitalilc iiiifl littni rciiioi'o giwoniis liytlroolilork iicid fr<imit8 
i*o!iri*iilriifo«l Hfiititicin, wlili^lt ftiriiw tlia okicirolyto, as fust as it 
mils foriiiiil, tliiit Ilic cn*ll wiiiilil loio as iiiiieli hydroidiloric 
arid liy inii|i*»?iiliciii iw ii giiiiioil fr«»m tlia union of the gasecnw 
rlniiitrils nf flic okfiroflcu. Tiio r«*Huli would ho an isotliennal 
formatiiiii of liydrorliloric irid witli lJi« prodiudion of electrical 
riif*rgy% jn |iirii wmild rovwt to heat in the eeeond 

raluriiiiolrr, iind mutild ki iiiifiiiiired as such* 11ic tnore (?om« 
plelidj wi*p* iihle hi avoid diHtiirhiiiicas^^^ for instance^ 
m llii» j^iliirkiilioii of the electrtxliM— so much nfMirer would 
tlitt iniiiiil voltiigii of oiir call iippn'mcli its true eleeiromotivo 
foriMi But t!sfi iiliiclitiiiintive htm is ofiiml hi the driving fJrce 
of llif* elieiiiiiml niiictloti taking plaea In the limiting case, 
wliere oiir electitMlw am iiii|Miliirimbla and cmr cell is of 
viiiiinliiiigly ^ifiall resktaiice, the electrical energy given 

iiirii miml tu till! miction miergy. If chlorines and hydrogen at 
iiiiiioiiphfi'if* prc^Hiire hr the trsiiiperature kept at 30^' 0., 

iiiifl if l!i<* vnpoiir |iriiiiitin! of thit liydrocliloric aeitl over its 12| 
iioriiial K**ltitifiii iifdiiig m electlolyto lit« fclici value corrospond- 
ifig In iliii fi?itijx*iiititre, tltfiii A, iiecercling to Dolozalelc’s^ 
lietertiiiimlioii, wpitlH, fur tin* foriiiaiiciii of one mol iiyclrochloric 
iicid giiK, 4^2%r$i}il gtiiiii-ciiL Till! licmt cliango ohsorvad in the 
fimt ciiloriineli’r, or f, tlioii aiiioinits to — 509 eaL The sum 
A+f, tliftt 2*i/lflCh reprfiieiits the wiill-kiiowii heat of forma- 
lion of CHIC iiiol of liyilriifdihu’ic acid gim. 

Till" iiie iif iiifiri* diiiiif* Iiytlrogim or cJdorine or a higher ten- 
fdfiii of liyfiriiclihiric niddiikni* the wdiifioii^ which would result, 
for froiii fliii iiii! of i* holler electrolyte, entwes A to 

^iiik ill viiltn* iiud y In rinif. On Ihie iifliitr liiiiul, a Iiiglior pres¬ 
sure Ilf tlio fiicforrt iiiifi fi tower ifntsHiire of ilia riisultant 

iiydrorlilnric iieiii gi« A to fhm ami r/ to fall llici sum 

A 4* f I liom^ffVfir, in iihiayn i*f|iiiil to the riifustloit Iieati which is 
lint |^Tr«*j4ilily liffcrjittl }»y citiangri, 

Oiir {ii#lili*iii, itieii, to flOariiitiio llic cotiniMsIion betwesen LatmU. 
tlic Itiliiiii heal if 1111*1 till? mid conipositioii of a 

* A ciwiiiH mi htm. 
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mixture of reacting gases. Wo will first solve that |»arf of tin* 
problem connected with tho temi>erat«ro, and wo will do this 
in two steps. First, in view of the connection hutwecn IriU'iit 
heat and obtainable work os expressed in eijuation (11), Ivl. >h 
take the simplest possible case where heat hiHioines lulejif 
work is simultaneously done, and find out what (rtajm-fliMii 
obtains between the latent heat and the tcmijeratiin*. 'rial 
second step consists simply in showing that tho sanio r«'!ali»i« 
holds in all cases, because it is inherent in tho nature of hmt 
and work. 


The Change in state of aggregation is not, Jis <in(j might think, tlw* 

^ug”ex- simplest case in which latent heat and work twvnt titgolhor, for 
perii^t. here the two states have different total energies. iJnt the (‘ijnjde 
expansion of a gas, where, according to oxj>oriin<fntH at tiny 
Lussac,^ the total energy does not change, unsworn our re'ijniru- 
ments. The total energy of a given mass of gjts is made tip of lU 
rdiemioal and heat energy. It is clear that iw long m i fie giw 
does not change chemically, its chemical (‘iiorgy rniiiainH coiiHlatif, 
The fundamental experiments of Gay Lnssac have shown Jlmt 
the heat energy is not altered by changing the vohinio of thn 
provided no work is done. To prove this, lie connecttal a large 
vessel (I.) full of gas by means of a stopcock with nn ovacfu»t*'<l 
(II). When he opened the cock, the gim rushed tivnr into 
the evacuated vessel Expansion took place in vnsiad I., and 
the gas became colder, as it had to compress tho first js.rlimt 
of the gas that had rushed over. On tlto other haml, tho 
. tmperature in vessel No. II. rose, beoauso thcao first isirtinnsi 
of ps were compressed by the following portions. After tlm 
pressure of the gas had become equalized, the half of tho gm 
m are first vessel was cooler ttian the initial temperature W 
the same amount iliat the other half in the seeimd vaoed wm 
T he^ore the mean temperature of tho whole nnuiis of 

thoriiml 

^ of the gas changed and heat been absorbed or act freo. 

® ^y^’*®®®^®^eriment*wasgr 0 atty refined by Jottkand 

«•' 

lussa^o^X°s^t ettporimcait and lat,T 

Memom^ Vmidmie 11 K«W.a«!f. 

«iaemie, zb (i8o2), 11, Comiare also tlw Sistl. 
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'rhii»is«i».‘ Titoy a «tr««uij «»f ti aunproaHud gas 

llirtmgh a jww of !w»xwt«Kl, oiHilostal in a tnlaj iniiKinncahlo to 
heal. TIh! iiro-faiiro in front of th« ImjxwoihI jdag was I’; liohind 
it, /#; that ia, tlifgart oxpaiMlwti from a higlusr to a lower prossuiu 
No io'ai vva» nlworlH'd or given fdf iltiriiig the process, and no 
work was done; lln‘rofore, had tlws total energy of the gits roniained 
iiiiirlianged during tluurspansion, the leiniHjraturo must have Iwen 
Ihi* Hiuno Isdiind as it was in trout of the. plug. The oxpijriments 
sUowisl that this was not strictly tlie casti, idthougU the more 
iH'Jiriy the gas ijjohI a«lh«’n*il to the laws for an ideal gas, the 
Miialler was tlie t hange in teinjierature on passing through the 
plug. Wi* may therisfitre say with all rigour that the toUil 
energy of an idi*al gii« is iiwiejamdcnt of the temponituro, but 
that with iudutil gases there are small deviations from this rule, 
»*‘‘j»eeiid!y at low l<‘nii»eratMr«8.* Yet for our purposes ^0 
deviations are entirely lagligihle. 

If wo now hit a gas expand and do work, keeping the iwaiiommi 
temjieraturii eonstanl, vm Hml that heat Iwcomos latent. 
ItememlKTing that the ttital energy of tiie gas does not change 
with ehangiag volutne, we ednclmlo that the heat which 
befom»a lati'iit, that ii, vvjis ii:«;d up, is the equivalent of the 
wiirk done. To conelude otherwise w'ould Iw equivalent to 
siiying that entirgy ha«I either vanished into nothing or had 
la-en created out of nothijig, and that the principle of the con¬ 
servation of energy Iissl Isjcn violatol. Now we can easily 
detemnne the ainourtt of the work done. When a gas expands 
at the pressure /» hy the itilinitely Hmall volume dr, an iiifluitely 
nmall amount of work * Li done, and— 

dA rs lAr .(12) 

KT 

If, making imi uf ««juation (10), we replace j/ by ^ , wo have— 
dA - inw/tti; .... (i;j) 

* mi 7 hsm. mm, :m 7 ; ; 101*4 r# 7 ii, 

^ |frri4l#^*t| ifilrfi'4 ifi eiitiiMfittifiim. Iti 

Iir4 fii4lifi4 f«ir llpt li«|iirfftrlkti tilr 

iifwifi iltPftt. Ill llw* m iitwij? tif iliifiitiliifis ii lliii tirily 

mf 4i?s|tw«i ft#r liiii aiiwilitto wiro <if 

t€fiit|»*tif4ir#*. III* wliirli w*-* iil lii« iif tliln btttiti#* 

Wiifl ^ X * firiwiw n if ©a; fiiliiifnt mvM 

1! 


X 
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The continuation of the isothermal eximimiiiii vliitili 
the work represents the sum of all these sitimll 

quantities ETrfto. If the initial voluiiiii he r mill ilm 
final volume we can easily find this sum hy means «f fliii 
integral calculus {in signifying natural logarithin) 

A = EtJ'Wot = . . . ill) 

Eemembering that here the work done is itleiitienl wtlli the 
heat which becoroes latent, we get— 

A = lim^=-r/ .... (!.') 


This important formula does not hy any misiitm sny thnt ll»' 
work A mmt always be done when a gim expiuids iMullii'rmjtlly 
from the smaller volume v to the larger volunKj Wn 
need to call the Gay Lussac experiment to ininii in •mlcr P* 
that the term A can become equal to zero. Kvery jMiwihk* 

value of A between zero and RTln is not only coiK!civa)4«, hut 


attainable. 


The value RT^n- is, however, a maxitun!ii Miii*. 


If we try to bring the gas back isothermally from tins gieater 
volume v' to the initial volume v, we need to 
more or less work depending on the efTicieucy «»f our 
pression machine. But here again the ininiinuni value of tli« 
wrai reqxiired is A. The maximum produetioti «if work k 
therefore that wHch accompanies a proctjgs taking j4a«« 
revesr^ly. It represents the ideal limiting ewe of aistual wufk 
production which only a fcietionless compression iinicliiMi) coiihl 
realize, and then only when we took care that the acting and 

^ »*»y 

earriflii Li- ! ^ consider the same proww t<» iw 

^mt k wtT by an infinitely smaller 

the same- theai—^^^ initial and final volnrnui aiti 


A + dA = R(T + igi'y^®', 
Subtracting (15) from (16)_ 

dA = BdTln^' 


■~(<l-¥dq) . (!(}) 

• • > . - CI7> 





Iviualioii (20) givijs u« an oxiiression in which the lahnit Iwat ih 
tif(uat(«l £0 tiio intHhict 0 f thcj iihsolute tompomtuns and tiio 
“ tninporature coefRcient.” This tcm|)emtiir 0 coofiiciont I'c- 
jniMunta the iaemnont of work which we gain when we carry 
out. the al»ovo pnxjoHs at a toiiipcraturo higlwir hy an infinitely 
small amount ^fT, dividcil ity this temiKsniturc (lifforonco. 

It now romuina for ns to show that this relationship is not (iumsml 
conditioin'd !ty the [trojiortiim of the gas, hub is inksrent in the [‘j'i’i’j'y’I'f 
nature of h<jiit and work; that it applies to all latent heats so cenfition 
long as we restrict ourselves to isothennal procesww yiohling ' 
the maximum amount of work. To this end we will represent 
dingi'amatically in Fig. 1 the prwjctluro we have just carried 
tiimngh with a gas. Wo will assume that the perpendicularly 
shadednit'a rfspnsseiits work which wo ^in when we lota mol of 
gas expand from a to e' at a temperature T 4- dT,and starting at 
tJie jirossiire p + ifp. Then let us consider that the temperature 
is decreuFCid to T i)y t he ahstriictiou of an infinitely small (puintity 
of hi;at^/r/,a«id tliat the pnmess is now mode to go in the reverse 
direction with an oxjw'niiitnri) (jf work represontetl hy tlie 
ohliijuely slnwled area, liaising the temjwiraUm) hy the amount 
»/T l»riHgs U8 Ifltck to the sUtrting-jKtint. The hejat used up at 
T + dT we gat Isiek at T. The infinitely small amounts of 
heat ahsorlasl nml given off in the process of heating and 
cooling cancel. There remains only the infinitely small quantity 
of Work iIA, r«;sulti«ig foiin the falling of the heat rj through the 
tiUHpomlure interval dT. This is represented in the diagram 
hy the nairow hand containing only vertical shading. Now let 
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us imagiiie the same process carried out, not witli a gas, but 
^vith any desired system. Our sole condition is that the 
process shall produce the maximum amount of work, and that 
thereby the heat g shall be absorbed (become l^ent). Any 
desired changes of the total energy are permissible. Nor does 
the work done need to be mechanical, it .may be electrical. 
Here, too, the final result is that everything returns to its 
original condition except that g has fallen in temperature by 
the amount dH, If in this second case a different yield of 
work were obtained, it would be possible to construct a 
perpetual-motion machine. If, for example, the work yielded 
by the second system were greater, then we should first execute 




the cycle with it and obtain the work dk. We should then 
repeat the cycle in the reverse direction with the first system, 
and thus raise g back to its original temperature T + ^T, with 
a net expenditure of work less than dk. The result would be 
that a certain amount of work would remain over without the 
temperature, or any other property of the substances concerned, 
having in any way changed We should therefore have created 
work out of nothirg,^ It follows from this that the relation (20) 

^ The fact that forirmla 20 applies not only to gaseous processes, but also 
to all processes in which heat and work are coupled together, constitutes the 
so-called second law of thermodyuaniics. This second law cannot be 
deduced from the first law (conservation of energy) alme^ though it may 
seem to have been done so in the above proof. Indeed, there is an assump¬ 
tion concealed in the deduction,, which has nothing to do with the law of 
conservation of energy. This assumption, which will be more fully enlarged 
upon later, is that the temperature is always reckoned from the absolute zero 
point. 

If the quantity of heat f WIs ii temperature by c?T, as explained in the 
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aifplirs in nil jirovicleil fclie cliaiigo itikm plac« at 

rttad aiil iiml with the proclueiioii <*f tlH% riiaxiiinmi 

liiipiiiril nt wtirk* Hiix iwriiiits m to siihstifcute cKpiation ( 20 ) 
ill iiiir fiiiiclaiiiitiital ( 11 ), and to writn— 

A-U-T^^^.(21) 

Wi« eiiii mmk& ii »liglifc clmnga in tli« matlnKl of writing tlii» in iii@ 
wliidi %fill servo to roniiiid n» that the hmting and purtkl 
cooling tliniiiglt rff is nlwajH ecmsidercMl as taking place at |||^ 
iMiiistiitit volnlllf^ Tliin iissumption of constant volume was with rc- 
iiiiitiiiiii ilic ibiiviilioii of the expression, and is of iinpcirtence/i’**^'^ 
1 miciiii«s it oln'ifitcn fiiiy work lining done liy the lieating or 

tint, a |«rt fif «if It w ti«it tip wicl coiwortod into work. Thi» quantity of 
licmt in tliii itiiie in |irfieif«i4iii I. imd If., sineo the valaos i/, T, and liT m% m 
fjotii immemm f»|tttl liy •iip|K>«itIon, and arc connected by the eiprowion*— 

*i : = T : liT . . .. (a) 

Tliii m Mach lias thoroughly dcnionstmtcd, to all fonim 

of t*fii,frgy. Ill ifviiry caic wlujrc a f|uiintity of energy e at a constant value i 

of itii iiitciifdly ftrlor ** «’liiiiig«i4 ite forni, tfic cxpriJH«ion— 

c z dc ^ i : di .. . • . (/i) 

licilfifi gooii iiccordiiig to the first law, wc have— 

— ilA * elq 

Froiii liiiw foriMiiiii 2«) iilifi*iti»ly followi without any eonslclcriition being given 

III flic #|iiwlal |ir«|*f»rlir« of liciiit. 

Willi itll ffllicr of energy i may Im reckoned from any arbitrary 

mtm fiolnt, wliih* miili hml It iii only poi»ihk from the ahKolutc s^ciro 
firiifih if tli#‘ « l*i to agrws with cx|icrh»intfil evidence. If wc 

f’iiiiii;'** flic /f Pi pMifit ftfiiii wlilcli I ili rcckoiiod in cfpiatlon 4 de will become 
dilii'i’ciit. * -uid di o'liiniii tlwi iaitic. If it in only iillowahiti to reckon 

T fioiii llp» /*>io piiliit, will iilwiiys hiivc an uncbnngcd value for 

piiinr valii*’*4 ii f iifci *IT, An Ificllrccl procT of tliiii fiud k generally con * 

Hsippont in procwci L and IL dt/ has the d!fTert?nt 
Vft|iii*t4 i|-/ iiHil tli*ii tlifi ciirrciipomltiig work miat bts dk^ mid dk". 

If now |iropft'Oif‘it L iiiri IL arc cornblnixl, io that on# always takw 

llmt f«rif4r4i iifi*l tbit iilliiir bitckimrdi4, any iirimiiit of liiat wii plimw 
limy h* into woik without iwiything cliii iiinki^rdiig iMirniancnt 

TIi*? iii4|io#.silbilify f#f ilili, wlihdi will l«i iiikrgiid upon in tlifi Tldnl 
Lrcliifv, III llm of grii«*riil isx|«:iri®ficc. Tlnw, dtf and de/* miiit \m 

ri|SiaL lniweviir, friiiii lliew liiillrect proofi nothing rnorii than 

III# «f mkoiiltiif T frciiii - 27S® C], Ii profcd, It wiims iliiipltir if) 

li*^ro finfii ilik inti later to ©iplfilit Ito lrii|iortmtcii rrtorc fully. 
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cooling through the interval dT which could disturb the balance 
of heat and work in the cycle. That is, we can simply use 

the notation temperature coefficient. This shows 

us that A is dependent, not only on the temperature, but also 
on the volume, and that during the change the volume is 

kept constant. , therefore, represents the partial differ- 

ential of A with respect to T. So we can write— 

A-TJ = t(^') .(21a) 


tSn 0 ?" It will be useful in our later discussions to slightly re- 
oquation arrange this equation, transposing the members, and at the 
sapae time dividing through by T^. We then have— 


1 dA 
T ^ ^ 


A _ _U 

Further, by the elementary principles of the differential 
calculus— 


and therefore- 


4 ) 

dT ■ 


_ 1 ^ 
~ dT 


A 


d\ 


( 0 , 


U 

■|j>2 


Int^ating this expression, we get— 


= /W -/5 




( 22 ) 


(23) 


Here, instead of the constant which appears in the integration 
of a complete differential, we have a function f(v) of the 
variable (volume), which was assumed constant in the differ¬ 
ential. We can further transpose (23) into— 


A = T x/(^) 


T/f 


rp2 


(ZT . 


(24) 


If we replace the change in the total energy IT by the reaction 
heat Q, it follows that— 


A = Txf(v)~Tj^,dT 


( 25 ) 
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Thus the quantity A is dependent on the heat of reaction, 
the temperature, and the volume, and because of the very nature 
of heat. 

This expression is not immediately applicable, because we 
do not yet know anything further about the volume function 
f(v) or the integral— 

We shall concern ourselves further with them in the Third 
Lecture. Here we shall simply consider a little more closely 
the relation we have just derived between heat and work. 

If, remembering equation (15), we write— 

-q= Rm— 

and ^ 

^ V 

it follows (for processes where TJ = 0 or independent of T) 
that— 

^:^' = T:T' .(26) 

This relation says that the latent heat of an isothermal process 
yieldiug the maximum amount of work is proportional to the 
intensity factor of its heat—that is, to the temperature. If, 
then, we leave everything as it is, and simply exchange the 
temperature 2T for the temperatue T, then the latent heat, that 
is the heat converted into work, would be twice as great. This 
exceedingly simple relation also exists in energy transforma¬ 
tions of other kinds. When we use the energy of position 
which a lifted weight possesses to drive clockwork, and by 
it an electric motor, the height through which the weight falls 
represents the intensity factor of the position energy which we 
transform into electrical energy. We see immediately that if 
we let the weight fall twice as far, we consume twice as much 
position energy. When we send a certain quantity of electrical 
energy at the voltage E into a circuit where elec trical enei'gy 
is converted into heat or mechanical energy, evidently the 
doubling of E, the intensity factor, doubles the consumption of 
electrical energy, provided none of the other conditions are 
altered. The relation expressed in (26), therefore, represents an 


Peculiari¬ 
ties of 
latent 
lieats. 
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Difference 
of the 
funda¬ 
mental 
laws for 
latent 
heats and 
for the 
ntilization 
of heat. 


Conditions 
governing 
file iso¬ 
thermal 


entirely general law. It has, nevertheless, a specific peculiarity. 
When the weight sinks, the intensity factor is represented by 
the difference of height (between initial and final position); in 
the electrical example, by the difference in potential at the ends 
of the circuit where the energy is used. But in the heat-work 
processes, where heat becomes latent, that is, where heat is 
used to do work, the absolute temjperature must be taken as the 
intensity factor, and expression (26) becomes incompatible with 
experience when we choose any other zero point for our tempera¬ 
ture scale. We can express this in another way by saying that, 
in the case of heat as well as electrical and mechanical energy, 
the difference of the intensities is the determining factor, but 
in the case of heat, we must reckon the difference between the 
given temperature and the absolute zero point, while in other 
energies we may arbitrarily choose any relative zero suitable 
to^the conditions of the experiment. So far-reaching is this 
difference that we have absolutely no conception of an absolute 
zero of position energy or electrical potential. It is, of course, 
a pure convention to take the sea-level or earth potential as a 
zero point. Weight can sink below the level of the sea, and 
potential can be negative relative to the. earth. Conversely, 
the absolute zero has acquired such importance in heat-work 
processes, because of the relationship expressed in equation 
(26), that temperatures are exclusively reckoned from it in all 
thermodynamical calculations.^ 

The theory of practical heating processes often makes use 
of an expression similar to the one we have just considered— 

w : = t: f 

where by w we understand the heat which a body contains at 
f 0., and by w' that which it contains at t"^ C. The meaning of 
this expression is, however, entirely different. It has nothing 
to do with heat-work processes, but simply with heat transfer 
without the performance of work. Bor the purposes of this rule, 
therefore, temperatures can be just as well reckoned in degrees 
Celsius as from any other arbitrary zero point. 

One observation still remains to be made with regard to 
the conditions under which sensible heat can be transformed 

1 See Mach, ‘‘Prinzipien der Warmelehre^’ (Leipzig, 1900), p. 328; 

Ueber die Konformitat und die Unterschiede der Energien.” 
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into work at constant temperature. It is that some process of trans¬ 
dilution, such as we have just seen to occur in the case of the 
expansion of a gas, must always take place. Every such into work, 
dilution is naturally limited, for it will only continue to pro¬ 
gress so long as the pressure, steadily diminishing in the course 
of the dilution, is greater than that of the surroundings. If no 
pressure differences existed, the process of dilution and the conse- 
q^uent conversion of heat into work would be impossible. How, 
where chemical reactions are taking place in gaseous, liquid, or 
molten mixtures, substances appear and disappear under certain 
concentration relationships. Every newly formed fraction of a 
reaction product must assume the concentration of the fraction 
already present. Every disappearing fraction of a reacting 
substance must relinquish a certain state of concentration as it 
ceases to exist. These unavoidable concentration changes are 
responsible for the existence and the importance of latent heats 
in chemical reactions. 

Eetuming now in conclusion to the expression— 


/7A 

A=U-g = TJ + T|j 


The prin¬ 
ciple of 
Berthelot, 
and Helm¬ 
holtz’s 

we shall be able to understand the significance of the member 
dA. 

if we consider a contention made by Berthelot. Berthelot 

maintained that U and A were equal if changes of state were 
excluded. He realized well enough that the latent heats 
accompanying change of state disturbed this relationship. But 
he erred in thinking that by excluding changes of state he 
prevented all latent heats from coming into play. Helmholtz 
therefore Q.c.) j)ronounced Berthelot’s limitation as insufficient. 

Latent heats are only completely excluded in one case, and that 
is when the reaction takes place at absolute zero. In this 
case— 

A=:U 


In every other case a difference is possible, its size depending, 
according to equation (25), on the concentration relations {f{v)) 
in the reaction, and on the temperature. At given relative 
concentrations the deviations are greater the higher the tem¬ 
perature. At all temperatures relative concentrations can exist 
at which A and U are very different. Practically, however. 
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concentrations vary only within quite narrow limits. If the 
substance disappearing in a reaction be so far used up that only 
per cent, of the original substance remains, we call the reaction 
complete, and do not concern ourselves with the great difference 
between reaction heats and reaction energies in the transforma¬ 
tion of these last traces. At the ordinary temperature of about 
20° 0., which does not lie very high on the absolute scale 
( + 293°), and in the really important regions of greater con¬ 
centrations, the difference between A and U is not, as a rule, 
very great, and Berthelot’s rule affords a useful approximation. 
This rule, however, cannot be applied to gas reactions, for these 
often take place at temperatures which are higher by many 
thousands of degrees. 



SECOND LECTURE 


ENTEOPF AND ITS SIGNIFICANCE IN GAS EEACTION 
The expression— 

A = U-.^.(1) 

which we have treated in the preceding lecture, takes an espe¬ 
cially simple form in the case just mentioned of a gas expansion, 
because the total energy of the gas does not change in isothermal 
expansion, that is, the q^uantity U is eq_ual to zero. ® 

In the case of chemical reactions we substitute the reaction Reaction 
heat Q for U. This statement, however, is not definite enough, tempem- 
In the first place, it is clear that what we mean is the reaction ture. 
heat at the temperature of the reaction. Now, the reaction heat 
generally changes with the temperature. The extent of the 
change depends, as Kirchhofif has shown, on the specific heats of 
the substances formed and used up in the chemical reaction. 

If it were possible to carry out gaseous reactions at the absolute 
zero without having the gases suffer any change in their state 
of aggregation or losing any of their ideal properties, we should 
find a reaction heat which could be connected with the reaction 
heat at the temperature T by a simple consideration. That is, 
if we imagine the reaction to take place at the temperature T 
with a gain of heat Qt, and the resulting product to be then 
cooled down to absolute zero, we should obtain the same net 
amount of heat as though we had first cooled the factors of the 
reaction to absolute zero and then allowed the reaction to take 
place with a heat gain of Qo. 

If ^e(o,T) be the mean specific heat of the products between 
and T°, then the net gain of heat in the first procedure 
would be Qt + Tcg(o,T); in the second procedure it would be 
_}. Tcy(;o,T)? where C/(o.t) is the mean specific heat of the factors. 

Since these two quantities are equal, it follows that— 

Qt = Qo + T(q/(;o,T) - <5e(0,T)) ... (2) 
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We must liere say ii m*«ril iit rf||iir4 uwim iiii4 ifiws 
specific heats, aatl the rttliiliwii limt iiipI iriifi 

specific heats. Heat mpitriiy imf hm iIhi 

amount of heat wliieli wiiist fttir iiit« a t»f n 

substance in order to raiiii iti I 1^” 

this q[uantity tjf lieiit as tliii driiiiitiAin i# ici ifm 

44r‘- 

more precise statement tliiil the lt*eii r.i|4iir4!f' i'?. , ilitii 

it is equal to the quciiioiii of lliii ti^ry siimiH tm'trmrut «4 hm% 
over the rise in tiiiijxirittiirs ii 1;,* ^ p*" 

quantity is also ciillicl tltii true qiftitle hr^i <4 4 tmmml 

T°. Strictly speaking, tlm i|«ific hmi i** I*” ll»« 

ratio between the ahi>?i-tiieiliiiii»i «tt«l iitisilat 

du/ 

vake, of a sfcandaiti auliataiic®. Il»»i mi*-« I gratti <»f « ai«f 

at 16° is taken as the standanl snbstumw*, fwr w|»al* 

unity, it follows that the rotio mi»! tin* «pm»u?.v ntf 

identical. The two eKpceMions aw, in ftn’t, u*««i| 
ably.^ If wo reprwnt the triw* by <-» , 

''wX^Tsodw . . ... C‘i| 

or, since we can here just as well nm t'elsitm «« liwi^ 

work process being involved, but only a |»mw tetisfcr *i 
from one substance to another, we am wiite 

X itt » f/i») ... . . | 3 *i| 

If we int^rate this expMiioji lietwi‘»‘!i <*" V. «n4 f, «'r b 
0° absolute and T® ateolute, we get- - 


' For instettoe,seeWttllaer,**ikrbij-ffin.ii»«>'A. * J 
5tU edit. (Leipzig, IS'Jfi), p. l«il. Tli. W. {M./. pAf A .H- 

S , 858) lays sirw ow fit# rigiirwii« Ip hI r#|A» %«* ^ 

1 hj degwcs), atid it lli® mim iIiiip iI##* |»fi i*-i*|i* ## * 

unit of heat capacity the capacity wliii-h k »«rw«4 I'’ f% 1!»t*» »•, I 
-watt-second, or ItF ei|{). Ue catk this iwjiielty t 
times this capacity 1 kitottiaycr. Tiik fit* «<»l« * > t 

measurement which OstweM ksii intnslm-tjd i« llii* lhi»«l 4 l>i» 

“Grundriss der allgemcinou Chemle," aemadiBg t« whfiii li... wii; »m 

longer be the unit <iuantity of bent, t«,t will he by ilw 

equivalent of a joule. Prom a tlieorelimit |«i1b{ .if ww, «W* »y«t»a* 
result in some simpUncalions, Imt m yet It iwi will, 
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or 


~ X ^ 1 ~ ^m(0,T) X T . • * 

•' 0 'i. . „ ■ ■ * ' '* 

rt 

^ I O^y X = ^m(0,i) X t . . . . 

J 0 

Here c^(o,t) signifies the mean specific heat between 0° and 
T° on the absolute scale; t) the mean specific heat between 
0° and f C. The two values are by no means always iden¬ 
tical. They are identical among themselves, and with Cy, 
when Cw has the same value at all temperatures. On the other 
hand, if has a different value at different temperatures, all 
three quantities, Cw, Cm(p, t), and c^(o, «), differ from one another. 
The simplest relation exists between the true specific heats and 
the temperature when the equation— 

Cw = a + bt . 

holds. If we replace t in it by (T — 273), we get— 

= a + &T - 5273 

If we call— 

a - 5 X 273 = a' 

we can write— 

= a' + 6T.(5c&) 

In the first case we find, from (4<x) and (5)— 

f Cvjdt = f (f6 + + ¥^0 X ^ . . (6) 

J 0 J 0 

in the second, from (4) and (5a )— 

resell = j\a' + bT)dT = (a' + ^bT) x T . (6a) 

Jo Jo 

Comparing (5), (6), and (4a), it follows that— 

= a + 

and 

= a + bt 

On the other hand, from (5a) and (Ga) and (4)— 

Cm(0,T) = a' +• 2^T 

Cw — aJ + 6T 

If, then, the true specific heat is a linear function of the tem¬ 
perature, it differs from the mean specific heat between 0° and 

-4 503 


Is/Og' 
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the toffii>craturo in 'iiiis 4 y <ii th* l ’-Jji* iS- • - '-icj 

memfier is twic <5 as gmil. Wt hiv.'»r<v|n'« j 1 ■ s **. h. 

the progress of our loiiim*, }o link*' n «• '>4 *• ' " • *n:-s 

now, we will simply point onl tlial :n- In*;’ O'» i - ! - n . -tit 

specific heat Ixitwoen () ini«i Ti».»y !>»' hi«<l ■» ^ U- 0, ■. , 
which is necessary to raiPdJ «uif sux'-* -‘f ;> ^ »o ' Jr-1» 

absolute zero to 1*®, (Iiviilwl by t!;* b'lop* I . n,,/, > t 

In our later slatoments wo ,’;ba !3 ii**! ilr ' 

referred to in the iisuul unit of nirt,'', 4 . pi.iu,, o jS « . ( 3 , 
product of the siaiciflc heat jut into ih.- nl.»f 
We call this the specific heiit taoj. •< i i ^ Ji ;t ijo 
“ molecular heat.” 

Eoaotion If we return to what vv« were «!i»ir»)v4n,.'iv,;.<4njt;c 

o^tLt say that in the second plat e tin* r« t- i.'-u l.*«i - i s ;•*(* 

volume reaction is dejieudent tm wlidbcr I In* rt.oiooi mV*?* i4,«4f 
and pro*- , , * , ».»4 • ■ 

sure. constant pressure or constant volnno* i hi- *b)!i n n« * f tisjinj} 

between the reaction heat at constant volninw and Ifwi at rwn. 
stant pressure may be aserihiM nilhrr 'b n* ii«) 

atmosphere when the icaclion i,‘ t!»3'i»H»p»nit4 b> ,»«i ns »•,»*<,- 
in volume, or to work done on the by llw* 
when the reaction is accomjamii^l by a dwpwwj in tolnfo** 
we know from thorraochemiatry, and m wo »»«! in ilw 

First Lecture, this work is peXr, or ItTSii**, a-lntrit %¥ in tlw 
equation representing the reaetion r*Hif««ciiip ibw «»iw of «|) 
the numbers of moleoulm (the nundv't i f < f fJ« 

factors being countetl ns negativi'f Wo fiavi? lo 

consider work done by the r/wwool mtthnn >*/ * .,’torJ 
the liasis of our calculations. Ibwo and the b»vii» 

in. equation (2) are to lie takeu at cMU'lani roluom 11w 
heat of an (ideal) gas at conataiit ptmwoif*', r« p m**! 141 Hn#,' o,<4l, 
is greater than the sjieoifle heal at r»4i»liifi! by ibo 

quMitity E (is. 1*98). If, for tin* sake of bjn'Vily, wc 
(T for the difference appearing in i 2 'i, bf%t awniowg 

that or has the same value at all t««|»»i«twi, «tii| ».bf ilw 
index v in order to show that this dinbrrww it) k el 
constant volume, we get— 

V m 4- If*r . . , , , {T| 

A « 09 + -t/r - y 


and from (1)— 
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We will now consider the latent heat of reaction/' q, from Latent 
another standpoint. In the first lecture we discussed its entropy, 
relation to the temperature, and became familiar with the 
simple case (First Lecture, equation (26)) where— 

1 - 


If we denote the quotient ^ by S, then, in general, we may 
write (1) and (7) as— 

A = U - TS = Qo + tT„T - TS . . . (7a) 


Clausius, who introduced this term into the theory of heat, 
called it ^'entropy." Helmholtz^ published a fundamental 
discussion of the role it plays in chemical reactions, and Planck ^ 
developed the subject systematically. 

We found before that— * 



( 8 ) 


from which it immediately follows that— 


= 


dA 

dT 


(9) 


It therefore amounts to exactly the same thing whether we 
base the statements upon the peculiarities of the quantity S or 
dA 

of the quotient and only formal differences can incline us 

to use the one instead of the other. In this lecture we shall 
first make our calculation using the entropy S, because we can 
thus deduce the final formula in a more perspicuous manner. 
Later we shall obtain the same formula by another method, 
involving several steps and making use of the temperature 

dA 

coefficient of the maximum work, 

At the outset, we will once more call to mind that — g 
represents the heat taken up in an isothermal process yielding 

1 Helmholtz, ‘‘ Zur Thermodynamik chem. Vorgange,” BitzungsbericMe 
der Kgl. Pnwss. Akademie^ Berlm, 1882, 1st half-vol., p. 22; and Ostwald, 
“Klassiker der exakten Wissenschaften,” vol. 124; “Abhandl. zur Ther- 
modynamik chemischer Vorgange,” von H. Helmholtz, edited with notes by 
M. Planck (Leipzig, 1902). 

2 Planck, Thermodynamik.’’ Leipzig, 1905. 
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factor, S is the ciijiacuiy toltir i 4 tlit^ hrm m -i^li i 
The qtiantitj H, thcrefiiris iL** ^ ^^J|»^■|t| 

specific heat hetweiui <r iiml T’| tli« j ri* 

quotient of a certidii iiiinilnir f*f ^ ijn? ?«4 fn ll,4 

temperature. But tliesu fwu iiiiitihri^^ :»i m ^ d* -4/2^.fy 
very differout tliifi;i«. T«t tf* n. 

between 0'^ (absolttitijfiiiilT', ii'f' hi%f\ 4^ 4 i^ulin ^ ^ ^ ^ is 4 If, 
merely to divide the limt roijiiin^ 111 i.uMiit tli- i 4 t'^ 4 fr 

by the temperatuwf T. T<f tlrfminiiw iIp^ nsii-jiy, *44 fjw^t 
divide the heat used up in iiii iii» 4 }it*fiiifil | vi.. 4 * ii% 

a maximum yield of work by lliu f ui h !l*r 

process is taking plime. 

If a gas is made to exjiiiiiil is«llieriiiall| l« l•"fl liiiisi il« 

original volume— 

= ET/mIO = liiH X T X li :i 4 >4 

and conseciuently— 

o 4 gWIIt-CIll, 

—h » 4*oti a 


Since £ ropresente heat given tiff hf ll» wpnmm in «-|i#i»gtiig, 
S also represents ciiitni|iy giveft nf, m « iis«r#.r.i if i|*i^ 
entropy of the systeiiu Tliii iilmfu tp|iiii|,|«iii iln*fi mf$ ll«l 

under these coiiditicini the ijiiteipy id »t ii^d %df^ tf 

4-66 (S being negative). We mt ©.gnliaiit mly of in 

entropy. W© know-nothing of tlie iit^itofw «if ifcf 

entropy contained in a sttteteaw. W*? mn iin ndjr **.*«•. *ii*i 
arbitrary value St to tlie autetaaee iwfiire it •.* 

of clianges, then measure tlte entropy vbttti<.f«* and »i « 

value S/which represents the entiopy of Ui« lU, 

hnal steta We can alnoaeo, from tl«t n yo 4 f^n-}, 

a chM^ m entropy doe* by no mmm involvo * m 

the specific h^, for the speciflo f««t „f 

IS the same before and after the exiwnubni t.» t.«. t,mm tU 

ongmal volume, 

*'r entrr.py.w« rottlnr 

obserre that the entropy of a I • 

converted into vapour at 10(F. with .« ..*p.„dit«ro y.m k it 
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= 9650 gram-cal. in overcoming the pressure of the atmosphere, 

, 9650 gram-cal. ... ,, . 

increases by = 27*8 —. , while it would increase 


-|~= 40 vaporization took place at 0°, where 

the heat of vaporization amounts to 18 X 607 gram-cal., and 
the maximum pressure to be overcome is only 4*5 mm. 

After the foregoing explanations of entropy, we immedi¬ 
ately see that in an infinitely small isothermal change, where 
the infinitely small maximum work dA is done, and the 
infinitely small q^uantity of heat dq is used up, the entropy 
change of the reacting system should have the value— 

Let us now fix our attention upon a reversible, but rdbt 
isothermal, process, where a maximum yield of work is secured 
from the heat consumed. We may consider the process to be 
resolved into an infinite number of infinitely small steps, in each 
of which T remains constant, or differs by only an infinitely small 
am ount from its* value in the preceding or succeedin g step.^ Then 
in every step the entropy change of the reacting system is— 


’ 373 ■ 

gram-cal. 


-rfS = -- 


and in all taken together- 


-s=-/| 


With this, the conception of entropy is explained sufficiently 
for our needs. Physics lends it still greater importance by con¬ 
sidering what change the entropy experiences when a process 
takes place non-reversibly, that is, when it does not produce its 

^ It would be more accurate to say tliat tlie process may be resolved into 
a succession of two kinds of inGnitely small steps. One kind consists in 
changes of temperature by expenditure or reception of work by the system, 
which are not connected with expenditure or reception of heat. Every one 
of these steps causes an infinitely small change of temperature without change 
of entropy. The second kind are isothermal steps, which fulfil the equation 

- diS = - The ■ entropy change of the whole process is given by 

- S = — the first kind of steps being without influence upon the 
entropy change. 
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-s=-/f. (10) 

Let us now imagine a reversible process of expansion to be Adiabatic 
carried out with an ideal gas, so that no heat is absorbed or 
given off. In such an ''adiabaticprocess every infinitely 
small amount of work done, fd'o, must be accompanied by a 
corresponding decrease, in the total energy of the gas. 

Since the gas does not change chemically, we are concerned only 
with the thermal and not the chemical part of its energy. If we 
at first assume that the specific heat of the gas at constant volume 
is independent of the temperature, this heat energy of the gas ^ 
equals c«T, and the decrease dU is equal to — We thus get— 

.( 11 ) 

and since the work diOnQ, pdv, equals the decrease dXS — 

0 = CvdT + pdv .(12)* 

If- the reversible process does not take place adiabatically, Non- 
the quantities and -^pdv are not equal. An infinitely 

small quantity of heat (- d^ will then be taken up from the 
surroundings. We then get— 

^dq = CydT + pdv .(13) 

and dividing through by T— 

+ (14) 

HT 

We replace by —, using the relation— 

pv = ET 

tZT dv 

and writing for and — the identical expressions dlnT and 
dlnv respectively, we get— 

-'^= cJlnT+ Bdlm . . . . (15) 

1 Here we must take the specific beat at constant volume, c„, and not at 
constant presure, c^j for if we imagine the gas deprived of all its beat energy 
by being cooled to the absolute zero, only the amount of heat Ct,T is taken 
out. In order to remove the amount CpT we must allow the atmosphere to 
do work, compressing the gas to zero volume while it cools to the absolute 
zero of temperature ; that is, we must introduce energy from without. 

2 It is to be remembered in this connection that, as pointed out in the 
first lecture, the experiments of Gay Lussac, Joule, and Thomson (First 
Lecture, p. 17) have demonstrated that the thermal energy of a gas does not 
depend on the volume. 




36 


THERMOl )! / MICS 


If we now carry out thw rovcr.iilili'! 
so that,'starting from tlut initial t«!nij«*ratiiri! T< itmi tlw 
initial volume vi, wo reach tlits liiial tt!iii}«'raturt* '1/ mni tin; 
final volume Vf, the sum of all the inliiiiloly wiial! 
represents the difference between the iinal t‘iitr<i|iy S/ ami !lnj 
initial entropy S;. That is^— 



If wo introduce concentrations insteiul of tlii! mliiiima 
by a mol, 

1 

<■' = -.111; 

V 


' Tf f's 

and we obtain— >S/= + eJnJ — IU» 

I i < i 

diojooof We ai-o free to define any state ns the iiiifinl ll «« 

oo^Won! ‘‘s initial state tho temjMjrattiro Tss 1 ‘ ani! s!i« i on- 
centration c = 1, it follows that— 


S =s iSrsii 4" '‘e/iiT — lUne. . , . 

C » I 


Here S signifies tho entropy of a mol of gas al T »ii»l Uiii wui- 
contration c, both of which may have any valtt«. 

Sopamiion The Second question may iss settlwl by c«w*itl»r«tioij of ihn 
witC separation of gases invol ve» no ox jsmdiniiaf of %rotk, 

cxpeniU- provided tlie concentration i»er unit of voluinti nsmaiii* coiwiant. 
&tor principle, ftret proved liy (lihlai* i* it snijirining o»«', 

work. because we know tliat gas mixtuwjs, such m air, catimA la* 


* Tlie fket that witfi this choico of an Inftldf wn rradi « 

higlior temperature, not by expaiwloii, hut liy i* unpintdion, fmi ii * J t ,m 
the derivation. If one would conviiK* lilouwlf of ih|»i, |»«»i il,« n«i|. 
isotiiermal revereiWe procew aa a cwni.oitsiiMfi «i«{ n<4 #» mu rnfmaoii-u 
process. In this way, expimion (18) wWi ofiffmit* dgm k mSfy otood, 


wlule at the same time the 


i d 


timt tb© rawit ii tli© mm% as btfort* 


* GIblw, “Trttifc LVtttt. fiifg, Ii «ni ili,« 

dynamfeche Studlen, Leipzig,” traaidated by W. (MwaM !«). 
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separated into thdr components without the expenditure of 
work. But this is solely due to the fact that increase of volume The sepa- 
under ordinary conditions involves expenditure of work against 
the atmosphere. If we imagine the atmospheric pressure to he 
removed, a suitable engine would carry out the separation of 
air into its constituents without expenditure of work or heat. 

Thus, for instance, in a working space where vacuum 
would be maintained, a mixture of equal parts of hydrogen 
and oxygen could be separated into its component parts without 
the expenditure of heat or work, by means of the little arrange¬ 
ment here depicted. 



Fia. a 


The arrangement consists of two boxes, A and B, whose walls 
are impermeable to gases on aU sides except the cover of A and 
the bottom of B. The cover of A is permeable to hydrogen, but 
not oxygen, while the bottom of B is permeable to oxygen, but 
not to hydrogen. 

The hydrogen exerts a lifting force on the cover of B, due 
to its partial pressure, equal to the force it exerts against the 
bottom of B. The oxygen has the same pressure on both sides 
of the bottom of B. If, then, the external pressure is zero, there 
is no position of the boxes where a force is acting in B which 
hinders or favours a displacement, and we can make the 
apparatus, which is assumed to be frictionless, pass through 
all four positions given in the diagram without losing or gain¬ 
ing a finite amount of work. Since a difference between pressure 
and counter-pressure never exists, it follows that the system 
will always be in equilibrium. 

At the end of the operation, in position 4, each separate 
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gas has the same concentration as it had in the mixture in 
position 1. Since the process took place in the equilibrium 
condition and isothermally, and since no work was done either 
on or by the system, the latent heat of the process, and con¬ 
sequently the entropy change |i, is zero. This amounts to say¬ 


ing that the entropy of the gas mixture is equal to the sum of 
the entropies of the separate components at the same tempera¬ 
ture and concentration. It further follows from this that, when 
a mol of a gaseous component is abstracted from, or added to 
a very large quantity of gas mixture at constant temperature 
without producing a finite change in the concentration, the 
entropy change of this mixture is simply equal to the entropy 
of the gas added or taken away, and therefore is— 


S = St=i + cJ,nTl — "Mnc . . . (18) 

C = 1 


Changes 
of entropy 
in gas 
reactions. 


Let US now take any gas reaction, for instance— 

2H2 + 02$2H20.(19) 

which takes place isothermally at constant concentrations and 
with a maximum production of work. In it two mols of 
hydrogen at the concentration and a mol of oxygen at the 
concentration co^, disappear, while two mols of water-vapour 
are formed at a concentration ch^o. The entropy of the gas 
mixture thereby decreases by the entropy of 2 H 2 + IO 2 , and 
increases by the entropy of 2 H 2 O. It therefore experiences the 
following changes:— 

— 2Sxi2 = — 2^S(H2) 4“ Ct,(H2/^T — 'RIuce^ 

— S 02 = “ 4“ ^vC02)^^T — 

4“ 2 SH 2 O = 4“2^^H20) 4- o^(jgi^Qr)lnT — 



— S ^) = — (2c^H2) 4- 0 ^ 02 ) 2c^(H20))^^T +• 

^ H2O 

. . . ( 20 ) 

^ Ixk regard to the sigas, we should notice that, as pointed out before, q 
represents heat given off, and S a decrease in entropy. Therefore — 8 is Ihe 
increase in entropy in the reversible isothermal gas reaction. But this 
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The quantity enclosed in the brackets is nothing more than 
the difference of the specific heats of the disappearing and ap- 
pearing substances, for which we have already used the symbol 
cTv If we use it here again, and collect in a single constant the 
entropies at T s= 1 and c = 1 enclosed in parentheses, it follows 
from (20) that— 

-S = - h 

H2O 

If we substitute this value in equation (7<z), we get— 

A = Qo - 4 - (<T. - h)Tl . ( 21 ) 

^ H2O 

Except, then, for the constant h, we know how the ability of General 
our gas reaction to do work depends upon the reaction heat, the 
specific heats of the gases concerned, and the concentration at«all 
temperatures and percentage compositions. 

The relation which we have deduced for this specific case of 
the formation of water may be similarly deduced for any desired 
gas reaction. It is only necessary to substitute the general 

expressions disappearing? ^ disappearing? • • • ? ^appeadog? ^ appearing? 

. . . , together with the number of molecules v\ v\ . . . , for 
the special concentrations of hydrogen, oxygen, and water, and 
for the particular number of molecules which appear^ in the 
member— 

The number of molecules of the disappearing substances must 
be taken as negative in this general mode of expression. We 
then obtain— 

A = Qo - - ET X - 7c)T (22) 

Let us return to the process of the formation of water from the 
elements, and accordingly in this equation put for ^disappearing 
the value and for v its value — 2, because, in accordance 
with the equation, 2 H 2 disappear in the reaction. Eor c'disappearing 
we put the value C 02 , and for p" its value —1, because 1 

increase consists of the entropy of two mols HgO taken as positive, and the 
entropy of two mols Hg plus one mol O 2 taken as negative. 



TIIMEMOiy I \VA Mil 
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mol Oa is xised up; for fa^ppmmu fhe mhw iitifl fiiiiilly 
for w& put +2, bociiusa 2 iiiols ®ra furiiiiiiL Wa tliisii 

liavo— 


A = Qo - aJUlvi: - + («, - kfl' 

This is identical wifcli equation (21). 

Tlio ex- Formula (22) has alnwly lx*(*n in }«irt «ih(!uue<l hy Helinhollz 
ScTm-"((-c-)- That is, in his fimdiimi'iifal jwjx-r mi the snliji-ct, 
holtz. Helmholtz devolojicd an expression whi«-h, when writti'ii in onr 
notation, runs as follows 


A-Ai=(rT.-KiXT~T,>-.ir.T/«.J’ . (2:1) 

In it ho made no further afiHuiin»tioii« thiin lhal the in 

question yielded its maximum amount of work, llmi the 
difference in sjiecific heat of the suljst«nn*N «iji}»rt«iin(,t and ilis- 
appearing had the same viilm* <r,. at «»U ti*iiijK.*ialiire’4, nml ihirf 
the ratio of the volumes or the eoneon! rat ions e»*)!ld la* reosr»h<i| 
as unchangeable. If in this equation we put Tj = 1, am! under¬ 
stand by A the maximum work at I” ah«., and hv Mj the ehaiipe 
of entropy under these condition-i, we get from 

A = Ai + S| — — ffeT/«T -f («(f — tiit'r 

But now, if Qi signifies the reaction heat at V alo. 


and according to (7)— 
that is— 


Ai + H] m Qi 
Qj — (Tp Ja 


A = Qo - ,r,T/aT + (>*. - S,)T 

If we compare formula (22) with this, we m>p tlmfc l»4h Is'eoiin* 
identicjd whesi— 


Si - + ItIv'M 


Si signifies the change in entropy at T «* 1" nnd at atiy given 
concentration of the gases taking put la the rwietion, k ll» 
same quantity where both T and the eon<»nt»tlo»« ^wal 1 and 
the gases obey the laws for ideal gases. By using Ih« general 
tarn Si, Helmholtz avoided any sja^ial assttinpttoii reganllng 
the laws which govern changes of eonMiitmtlon, He thiw pve 


I 
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his expression a more general form, but at the same time one 
less directly applicable to our particular problems. Helmholtz 
certainly knew it was possible to derive the expression— 

Jc + 'Ravine* 

from Si by means of the gas law— 

pv = ET 

In his '"Dritter Beitrag zur Thermodynamik chemischer Yor- 
gange/' ^ he makes a special application of this, and in his lectures 
he develops in a more precise way (on the basis of the gas law) 
the influence of concentration. Helmholtz did not give our 
expression (22), simply because it had no immediate value in the 
consideration with which he was busied. The extraordinary 
stimulus given by Van’t Hoff to the study of the influence <,of 
concentration in systems which obeyed the gas law, directed 
general attention to those phenomena whose treatment requires 
our more specialized formula (22), . 

If, now, we examine the constant Jc, we can, in the first The inde¬ 
place, make its meaning somewhat clearer if we consider that the 
latent heat of the reaction is identical with TS. This product, dynamic 
however, when T = 1° abs., is equal to the entropy. How, we 
have seen that the constant Jc is equal to the change in entropy 
of a reaction proceeding reversibly at concentrations which are 
all equal to 1, and at the temperature of 1° abs. Therefore we 
can also call the constant Jc the latent heat of the reaction under 
these conditions. Thermodynamics tells us nothing more about 
this constant. . Consequently, the latent heat of a gas reaction 
taking place reversibly, at concentrations all equal to 1, and at the 
temperature T = 1, remains theoretically indeterminate. Let us 
see what further information we can gather about this quantity. 

To take a short cut, calling the principle of Berthelot to our xjse of 
assistance, we may reason somewhat as follows: At absolute 
zero, Berthelot’s principle is recognized as correct, but the higher cipie^t™ 
the temperature the less does it suffice. However, at 1° abs. it determine 
ought to be very nearly true. We may, therefore, write— 

At=i = Qt=i 

1 Ostwald, Klassiker 124, “ Abhandl. zur Thermodynamik chem. Vorgange 
von H. Helmholtz,” p. 63. 
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Since at 1” al>s.— 


Qt-j = CJfi + «?*?• 

it follows that— 

-Aral » Qo + * ' ' ' • 

In formula (22) we now put tlie fonii ‘i^pind w|iiiil fn ijto, 
and T equal to 1. The first suhstlfcuticiii niiiiply liiciiiii lliiil «1! 

concentrations arc equal to 1. It ilieu tliiil™ 

AtsI == Qci + 0's • * • * 

We now compare (24) with (2.”), an<l coiirlmlf ihul 1‘ i ^ 

Tills is, however, a very arhitrary priwHulm*'. Ivjii.iliMii (24) 
will he approximately true, whotlier we elmoife fhe rniir< »ilfrii 
tions as all just equal to 1, or Hoiiiewhat iliflorent, f«ir *<nly nl 
extreme differences in concentrations (h»'« ih** leriii 
attain a value at all comjiarahle with Q#. Oii ih** «*tl«*r 
a ratio x of concentrations must exist at whieh— 

■Axasl =* Qo <Tg 

Css» 

But a! may have a value other than 1. Wt* eamtoi, iherefuii*, 
decide in this way whether a {(oreeptihh* diill'iiuirt* ln-tuww A 
and Q does not exist, tliongli small in eoiitj({iri<«iti willi 
But, unfortunately, this is a crucial ixant. For althongh we < im 
certainly neglect A at a tomiH>nitim) of 1 ah:),, this m>*! 
help us at all, for w'o never olworvo giw mirdions al f*M» h l>*w 
temperatures But if the ohservatinn* am taimisl out at 
abs., JcT is two thousand times greater than k mt 1 , ami we *!<» 
not know whether we can then negUiet kf or not. 
ts examine the matter more closely, wi* shiill Iw imdinfld 

at rSStoT- to assume rather that A does not change gr»‘4tlv lietwis'ii h am! 
miction r, and to write— 

At a Ag a> Qo 

from which it follows that hf= sg. 

If we picture tine substanMs as containers tX Iwat, and 
imagine that a diminution in the li«it osi®city og, in th® whimb of 
a reaction, arises from the fact that a part of the hrtal energy rf 
the reaction is used up in compressing; tlwe soI»t4n« mti in 
squeezing heat out of them, it follows only the prt td llii* 
total miergy remaining after the atomic wm|»i^oit will lie 
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aviiiltthlit for ilia «ut«Mlo work.* In t.ho fiimjtlaat, oiywi whom 
Ta= I, tliw itntmiuiitg {Kirl, wlibli in tho raiotion I'liatj^y, may 
hava tha valae™ 

Ai = Qi ~ <r, 

tliat is Qo. Yat ovon this thin! assumption is not vtsry satis- 
fiictory. IM ns, thwrcfom, ojtamine tlm subjisut still mom 
closoly. 

Tho fiwt point to to Hotel is that the nnmorioal value of the Tlin ndn- 
eonstant k is iiffecitwl by the choieo of the unit of concentration, 
if 52»*' is not efjiml to zero. It is easy to see the connection k in thn 
liotwccn the two, for the tenn ItT x 'iiv!nc! in (22), as well 
k, deiienilH njatn tliis same choice. If wo oxpmss the ratio 
of concent rations in a given mixture.of gases, first in mols per 
litre, c, and then in inols jier cuhic mintimotw, tlien— 

(E X « (U X Sv7?t0' + A')T 

for othenj'ise oor formula for the reaction energy of a gaseous 
mixture wotih! give different results depending on how wo 
rockonetl onr concerntrations, which is of courso inipossihlc. If 
wo call z the nitio of the twtj wnits of concentration— 

!iiin*> /■' d” It X ^vlns 

If y.f' oijiials zero, the (wmstant k is indcjKjndent of the Thn 
unit of non(!cntratio». We will study this case more niinuhdy. »f 

tot n« hem rememtor that while thcrmo<lynainics fixes the 
location of the alaolule zero, it does not fix the value of Lho S< iwn- 
interval of temperatnm which wo call a dogrtjo. It is inaitdy 
dtiR to (diiinco that thennomotry has tulhered to th« suggestion ii,at 
made hy f'olsins in 1712, that the distanco liotwoim the toiling- V-ww. 
isiint of water, and tins fmezing-isiint of ice bo dividwl into 
UlO part *. Iteaniuur had previomdy f 17:50) suggested that we 
ilhidit the same iiilerva! info KO parts. Ati far as the principle 
ia eoncerned, it could jiiit as well he divided into some otlier 
nnmtor of parts. tin snp[>ose that we have a degree a 
thousand timet anialler than tlie one tn*w in use, and let u» 
dijsigmilo temia’raluni measured in thcMe new degrtais hy r. 

In tlit» first pl M'i!, the gram-calorie vnmhl Iweome a thousand 

I Ii to 111*' tieit lliiH I't'S fooie* tin Im'iiM of T. W, Itkharik' stuely 
of II18 nlolfiiii 1# tw'-in Btiiiiiic roSmee, (toinjtrrinil.lHtf, nml fri« lawncy 
(If./. iJrtjo, r'tewiV, to l«l awl .w; s!«o 42 Citoft), 12»), 


[icmnire 

li'Brcc, 
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IiiflEetiee 
of the 
8i«i of 
a dogrea 
Oft tho 
cMiiistattt 
k. 


tiinos sinallit thait iltti ii»»w iii«*ii, li«i it i»*|ii** *'it! 

the qmntity of lieiii to IpmI “li*" nl m’Jitf r fiMtii 

15® to 15*00r on the ohi Hmh of I!^ aljoii h^-iu 

would for this reason 1m* rejir«*fieiiti*d l»f a liiiiiih^'r l!i** 
calories a thonsanil times iImii lloit #4 ilir lia* 

value of the Hpecific heats triiiilfl fiitf it y 

the quotient of calories oviu* flie iittiiiriator -ivA tee 

denominatorwemid ehfiii*:e equally. Thequsiiliyr U in 
units (erg X T’"“^) would he ii tliotii'aiid line's ’.inalhT, h’4 in 
heat unite would remain flu* sanny fie* ^‘qur..4|rnf 

of the calorie by wliiidi %ve di%dflo jii iffd*r fo u^rfi It mni 
heat unitey is likewisfi a tlioiisaiol liiiio/s tmalh^r. lie 
tration is not affected hy llii« elniiiof* in llio unit of t^nnpn'iiiirin 
Now, of eoume, w<‘ that the eiirr/v *€ a frm ti*Oj »'‘iiti,si| 
depend on what valw* wii may to *'all a tiifrivai 

Any given reaeiicni lor iiir€iitit**\ Ink**'' phiri^ 4l ilir 

boiling-i>omt of «ulpliiir irisiid liaicniw itwl tliiMr.ino’' 

Cinergy whether we ttiii lln* r nr T for llii% 

tempomtura We iiiii4 nlwiiy^i hmt in iiiiiid llial te4li 
differ from one anotltiir only hy a |fft#|tortioiiiilify aiifl 

become identical at alwiliile xom* 

as an example of siicdi ii pitqiorlittfiiilify fufiic lii yripnil 

we may aill it a, Himt™ 

T » r X 


If we use the r scale iiistinid of lliii t mmh% iIip mmimm 
energy remains ideiitical only wlitiii wti iiir4#iini tl iti iilwiltilii 
units (ergs). Exprc-sswl In f»aIoiiiti it ii tiilTiftifiil, iImi 

calorie is a timem iii iiitall We »» w»iti« lliii viltiii *4 lli« 
re^tion energy expra«tcl in liciit mil# cm lliii ? «|c in !n«il 
unite on the T seiile by tlie niktituiiliip— 

Simuarly— 

Qfn ■> «0{.> 


If we writ© our eqiifttlon (22) ilwt ii» of ifit* T «n4 
then in units of the t scnle, m* hiivii— 


Am =» Qocr) - «r,mT - IIT X ^v’hr* + (22) 

Ac,) =» Qo(,) — tr,TlnT — Hr K + (b, - /,•(,,)r (M) 

tM us now reduce (20) to (22) lij- Jl«> hfl{» of the wl#ti«»n*hljt. 
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just considered, between A(;t) and A(^), Q(T) and Q(^), and between 
r and T themselves. To do this we multiply (26) by a, and 
replace aA(r) by A^t; ; aQoCr) by Qocx), and ar by T, and get— 

A(T) = Qo(T) — (tJIlIti -BT X 'Eiv'Itic' -f* {cr-o — 

If we compare this with (22), it follows that— 

A(T) = “ (Tvl'^lCL + k(^r) 

Thus we see that the value of the indeterminate thermo¬ 
dynamic constant depends on the value of the degree we choose. 
If we choose it a thousand times smaller than the Celsius 
interval, the constant is greater by — or^jfeO'OOl, i.e, -l-6*9(r„. It 
would be especially advantageous if we could so determine a 
that the constant became just equal to or^. The term (av — k) 
would then completely disappear, and our expression would 
take the form— 


A = Qo — (T'olnT — Er X 'Sivlnc' . . (27) 

Perhaps the meaning of the r scale will be still clearer from the 
following discussion of the formula (27). According to equation 
(27), A becomes equal to Qo at the absolute zero. But it would 
be equal to Qo a second time when ^vlnc' equalled zero and 
T equalled 1. Now, by a suitable choice of concentrations, the 
action of mass, represented by the term ErSi/7nc', may be 
eliminated, so that this term becomes zero. We then determine 
at what temperature other than absolute zero the reaction 
energy becomes equal to Qo, and call the interval between this 
temperature and the absolute zero one degree. 

The question first arises whether, after all, such a procedure t. W. 
is in general possible. If we take the case where there is no 
difference between the specific heats^ of factors and products, h is zero 
cFvlm is also equal to zero, and the thing we have attempted to 
do seems impossible unless k, in this case is equal to zero, cells. 
This question cannot be definitely settled from a study of 
gas reactions, because there is no gas reaction known where 
is beyond all question equal to zero at all temperatures. 

We can, however, glean the desired facts from another field. 

T. W. Eichards has shown^ that the heat of reaction and the 

1 Th. W. Eichards, Z.f. phys, Ohemie, 42 (1903), 137 ff. 
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llfMtittfa 

a »4 Hill 


4 fi 

rcuctifin emurgy iu galvanuj a*Il« aro wlH*fi iho concKrii- 

trations of fnctorH uud products arc luptjil, and where r»» t haiigo 
ill heat ciipacdty eu.HUcx during llt<‘ rejH lioii. We rufedudi* fniui 
this that in gas reactions fur the ideal I'Uie where tr, =(1, 
eipuition (22) would hocomc ' 

A = <,>-- in* X "Xvln*' 

witliont jmy term k'S making ii.i jip[>ear:tnef. Kas reactions 
do net e:«iitradict this conelmdou, iw we 4iall j ee in the Fourth 
liCcture, although our knowledge inny not he eiiHieient to 
dtiinonHtrtitc that they siipjairt it. Tlie-, if no iliflerejnei of 
heat cajaicity exist, ami uuoh action ••vi luded hy clnatting 
cjoiiocntratious such that— 

U X 'iivlm « 0 

wti can was no gaal reaaoii why himt and work should las 
difTercnt. Yet if k and the ttirin aJnT either both have a 
finite viihw* or laith eqtial xere, the coiicluHion is justified that 
eveiydlting dejasnds on tho units in whicli w« tneasure lh« term 
irJfiT. W« saw lasforo that for every isollieriiMil iiml rcveraihle 
gas rcactiim where ar® had tha same vatuo at iill teiiiiatralnres, 
wo could «o define our teni|»eratiire iiitorval that wt»uld 

hoconie eipial to zero. Wo now conchidis that fur nil rettcliMii# 
of this class whoro tlie nuwihor of reacting molisnilos does not 
change rinriiig the reaction, oum and the satno Uimjarnituro 
interval or degwjo would fnlfd wjUiilion ( 27 ), Wo will call this 
teiniasmturB interval a "cheniwlyiiainio*' 

Starting from the dodnethma of T. W. llicliarda, Van’t Hoff* 
has rocoritly diaeumed similar rolatioM. In tirowt galvanto cells, 
mrd oona^Qontly thoso reactions, wimn) the nuinlwr of inols on 
enelr «ido of the reaction eipialbn k tho rmine tSe'a* 0), he puts 
the term (<r»-&) etptal to awo,or, speaking laoro acouratedy, tlio 
torn in hi* very different dwivation corii»ia«iding to it. Ho 
did not ooiisider the effect of the magnitudw of the tewijatmtwre 
dogreo on the quantity L lat since, by choking the t'eMus 
degree, he got an agreement betwwsii c^oulation and olMerva- 
tion, it follows that the “cheMiodyminite*’ degree, which 
makes ( 0 ^—^) equal to ssero, dmw not differ very much from a 

' “ Feafsclirift,” iledhatwl to Lialw^ iMlxmsftu IfO#), p. 
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Celsius degree. If this be the case, using the Celsius degree, 
we may write as an approximation, at least— 

A = Qo - (T^mT - ET X Sy77^c' . . (28) 

It will be recalled that it is the logarithm of the ratio a 
between the two temperature intervals or degrees, and not the 
ratio itself, which influences the value of Ic, The approxima¬ 
tion (28) can therefore well be a very close one, even though the 
two kinds of temperature degrees are distinctly different. Since, 
further, the effect of the temperature interval chosen depends 
on the product avlna, the. approximation would be especially 
dose when the av concerned was small. 

It would be of great value if we could accurately evaluate Possibility 
7c and (to in a single favourable instance. If the number of 
reacting mols did not change during the reaction, we could deter- 
determine from it the value of the chemodynamic degree. If we 
then investigated a case where the number of reacting mols did of the 
change during the action, we could tell by determining 7c and 
(Tv in what units we must reckon concentrations in order to make tcrval. 

((Tv —7c) disappear. Were we once in possession of this value, 
we could predict the value of the reaction energy for any given 
mixture of gases, knowing the reaction heats and the specific 
heats. There are, to be sure, certain tacit assumptions made in 
this statement. We assume, in the first place, that the gases 
follow the ideal gas laws with rigour, as is surely the case if 
the temperature be high enough. In the second place, w^e 
assume that the difference in the specific heats of factors and 
products is the same at all temperatures. The latter assumption 
is certainly by no means fulfilled. 

We must, therefore, now undertake to alter our formula so Alteration 
that the change of the difference of the specific heats with the 

temperature will be taken into account.^ Here we are con- for 

=:/(T). 

1 The following is a very short derivation of the relationships so far obtained. 

Let h be the change of entropy in a reversible isothermal reaction when T 
equals 1 and all the concentrations equal 1; that is, let 7c be the latent heat 
under such conditions. ■ Then— 

Aj = Qo -I- — A: 

Let us imagine the factors to be brought adiabalioally fi*om T = 1° to a 
higher temperature, and then allowed to react isothennally. The products of 
the reaction could then be cooled down adiabatically to T = 1°. The entropy 
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fronted with the difficulty that we are only able to deduce the 
empirical formula 

c = ^ + JT + -f- ... 

to express the effect of temperature on the specific heats, and 
that our observations are hardly accurate enough to allow 
us to determine more than the first two constants, a and 6. 
We must therefore content ourselves with representing the mean 
specific heats of each gas taking part in the reaction by an 
expression— 

Cu = -f* 6T 

We can then write for the mean specific heats of all the factors 
(all at constant volume)— 

^factors = + T26 


and similarly for the products— 


products — "h 

It therefore follows, from analogy with (2), that the reaction heat 
at absolute zero— 


Qt = Qo + TOia - ^a') + Tl\^h - S5*) . (2a) 


change at the higher temperature is still for the entropies of all gases are 
constant during adiabatic changei^. The energy at T is then— 

A = Qo + - JcT 

On the other hand, the difference <ro of the specific heats is connected with the 
values of the concentrations at the higher temperature T by the law 
governing adiabatic changes, namely— 

— (tJtiT = B X 'Xv'lnd 
It follows from this that— * 

A = Qo 4- - ^)T - RT x :iv'lnd 

Any desired isothermal and reversible change of concentrations of the gases 
only affects the value of A on the left-hand side of this equation and the 
value of Ind in the last term on the right-hand side. Qo and are con¬ 
sidered independent of concentration and temperature, while Tc depends on 
the Value of the temperature interval and on the concentration unit. If 
now equals zero, and the temperature degree is so chosen that equals 
h at 1® ahs., (av —Aj) drops out, and we get— 

A = Qo — (r^rlnr — %r'%v'ln(f 

The choice of r has nothing to do with thermodynanoics, but rests on the 
experience or assumption that (for = and Jc appear and disappear at 
the same time, and on the deduction from this that h only depends on the 
value of the temperature degree if 2/ equals zero. 
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As before, we put— 

Sa — = ( t \, 

and— 

26 - 26 - = cr" 

and get instead of (7) the expression ^— 

U = Qt = Qo + <t’,T + . . . (7a) 

The effect of our changed assumption regarding specific 
heats upon the changes of entropy in chemical reactions may 
easily be seen from the results of our previous discussion. In 
the first place, we should now represent the heat energy of a 
gas by— 

aT + 6T2 

The decrease in the total energy which we represented in 
equation (11) now takes the form— 

dV = ’-diaT + 6T2) = -ad!T - 2bTdT . (11a) 
Similarly, from equation (12) we get— 

0 = adT + 2lTdT + pdv . . . (12a) 

from (13)— 

-•‘dq adT + 2lTdT + pd'o . . . (13a) 
and finally from (14)— 

+ + . . . (14a) 

Here let us pause a moment to consider whether we are justified 
in introducing the gas law (at this point), and so to pass to 
equation (15a), and at the same time consider the specific heats 
as variable with the temperature where thermodynamics else¬ 
where assumes them to he constant. But, according to all we ‘ 
know, actual gases obey the gas law very well at high tempera¬ 
tures, although it is precisely there that their specific heats are 

1 The term does not need the index v, since it has the same value 
whether we mean specific heat at constant volume or constant pressure. 
This is due to the fact that the difference of the specific heats has the 
constant value R, which is independent of the temperature, or more precisely, 
independent of it so long as the gases behave ideally, that is, obey the 
expression— 

pv = RT. 


E 
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known to vary with tlio teiniKjratimi. Wo need not 
therefore, to make use of the odationship 

pv = IIT 

Continuing, then, (15) becomes— 

- = ufUnT 4 - 2m + 

and (10)— 

S, - Si = abi'!/ + 2l(Tj - %) + VJn J . (10.r) 
But then (18) becomes— 

R = St=x + ^//»T + 2/^T-1)-1I/«*- . fJS«) 

c=l 

The further development remains the same, and lends u» Hm* 
final result— 

A = Qo - y^TlnT - <r"T® - KT x + ( 0 ’, + LV" - i/F r22«) 

We could have obtained the same oxproiwton from a genifral 
formula given in Helmholtz’s ftmdamenlal pajier. This 
formula, expressed in our notation, is— 

A r= Q, - TSi+j^!rfl'- 

Here x is the difference between the true sjjociflo heata «»f 
factors and products at T*. 

If we substitute for it— 

a? » + 2<r'T 

we get, putting Tj = 1— 

A = Qi - TSi - /.TfnT - »"!'* + (.r’* + 2«")T - *r', - 
If, now, we replace the reaction hmt at the l»inj»ei«lMrw J’ 
absolute by Qg + cr'» + a", corresponding to Uw elrciimittonce 
that accoiding to our definition + /' «;j»n»eiits the nittw 
specific heats between absolute z«o Mid P, we get, afitr a 
slight transformation— 

A = Qg - o'.TW - - TSt + + 20T 

When we introduce tihe ^ law m Wore, and put— 

Si » & + K X 

this goes directly over into (22a). 

We can repeat here (22«) all the oliwrvatiott* tnade in 




ENTROPY AND ITS SIGNIFICANCE IN GAS REACTIONS 51 


connection with equation (22). If the effect of mass is 
eliminated by a suitable choice of concentrations, so that the 
term '^vlnd becomes equal to zero, and if T is then taken as 1, 
we get— 

= Qq -f- (j\ -f- (T^ — "k 

We can again show that the value of h depends upon the 
temperature interval chosen, which in this case is connected with 

in the same way as explained above. We conclude, on the Again the 
basis of our former considerations, that the Celsius degree is ofthetem- 
nearly enough equal to a chemodynamic degree to make 
+• — A, when the number of molecules does not change 

during the reaction, if not exactly equal to zero, stiU very near 
it. We shall, therefore, in general use the expression— 

A = Qo — — (t"T2 — ET >c ^vlnd + const. T (28a) 

in our further discussion, assuming for the particular case where 
Sv' is equal to zero that the constant, though not equal to zero, 
is still very small. For the case in which the number of re¬ 
acting molecules changes during the reaction, we shall make the 
constant assume a small value by writing the formula in the 
way explained on p, 53.^ We thus free ourselves, as well as 
the present state of our knowledge permits, from the trouble¬ 
some constants which hinder our passing from quantities of 
heat to quantities of energy. The way in which we can know 
and eliminate them more completely has already been pointed 
out. We will append a brief consideration which increases the 
probability that the constant vanishes in case Sv' = 0. Le Relation 
Chatelier ^ made the noteworthy observation that the true ohatelier’s 
specific heats of nearly all gases and vapours under constant 
pressure can be represented by an expression of the form— 

Cp =: 6*5 + aT 

at least as a first approximation. As far as the gases follow 
the simple gas law, we can expect the specific heats at constant 
volume, smaller by E (1*98) than the specific heats at constant 
pressure, to show a similar convergence. We conclude, from 
this rule, that in those reactions where the number of reacting 
molecules does not change, o-if not equal to zero, is still more 

1 This, of course, is purely formal, the importance of Jc^ relative to the 
# reaction energy, not being influenced by any method of writing the formula. 

2 Cornet Bend,, 104 (1887), 1780. 
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nearly equal to it than it is in the reactions whore the miin\m 
of reacting molecules does change. In case iu' = 0, wo get as 
a first approximation— 

Ai = Qo + <r" - 

Now, tr" is always a small num1>er. If 4 on the r scale 
equals <r", and if the “ chemodynamic ” r scale does not differ 
greatly from the T scale, k will differ only slightly from a". 

So on this ground too, using the Celsius degree instead of the 
chemodynamic one, we axe justified in calling the quantity 
(a-v + equal to zero. 

It still remains for us to transform our expres-sioim applying 
at constant concentrations into such as shall aj>ply at constant 
partial pressures. It was shown in the First Lcctuns that 
partial pressures expressed in atmospheres, and concentrations 
expressed in mols per litre, are connected by the ofiuntion — 
p = 0-082 ITc 

Substituting p for c in (28rt) on this basis— 

Sv'W== Iv'lnp' - Sv'. IhT - iii'' • In 0-0821 
and therefore— 

- ETSvW = - llTiSvTTiy + KTSy'. InT +• frfO-0821 
But now, because specific heats at constant pressure and 
at constant volume differ by R— 

a'p — llSv' = tr'p 

At first sight the sign in this exprassion seems strange. We 
should expect that the quantity RSw' would juld itself to (r, to 
give the difference, ap, of the specific beats at constant pressurt'. 
But according to our definition, we must call the numlier of 
molecules, v, of the factors, that is, of the di8ap|»eartng sub¬ 
stances, negative, while, on the otdier hand, wo have defined the 
difference of the speoifio heats, in such a way that the 
specific heats of factors are positive and those of the products 
are negative. This difference of signs neomitates subtracting 
RSv' from a'v Therefore (28a) becomes— 

A = Qo - a'pThiT - <r"T* - RT X Sv7«p' 4- const." X T (29) 
The term const." is an abbreviation for (const. - 4-96Jii»').‘ 

‘ The quantity -i'SS is nothing but the'prodjict tliat is, ,< 

4’56 log CH)821. Had we reckoned conceatraUoM in mols per enWe 
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We shall later use formula (29) in all cases where the 
number of reacting molecules changes during the reaction, and 
avail ourselves of the device of choosing the unit of reacting 
molecules as small as possible, in order to make the change in 
the number of molecules during the reaction as small as 
possible. For instance, instead of— 

202 "f* ^2 “ 2B[2^ 

we write— 

H2 + iOa = H2O 

This method has a certain practical significance which will be 
discussed at the beginning of the Fourth Lecture. As a result 
of this, the constant (const/') of formula (29) in every case is 
expressed by a small number. 

The main point to observe is that, on the basis of the gas Signifi- 
law, partial pressures have been substituted in an equation ^ 

deduced for a reaction taking place at constant volume. This partial 
merely formal transformation changes nothing in the derivation, 

As before, the external pressure plays no role. 

The quantity A which we obtain by means of formula (29) 
represents, as before, the work done at constant volume. 

But is this the work which we actually wish to determine ? 

In view of the. fact that most of our gas reactions take place at 
the constant pressure of one atmosphere, must we not make a 
corresponding change in our formula? Examining an actual 
case, and seeing what the maximum work is which we wish to 
determine, we can answer this question in the negative. Two 
typical examples will illustrate this. We will first take the 
formation of water at the equilibrium point. According to our 
fundamental conception, the reaction energy is here zero. But 
this is only true when the external work is not considered, for 
the formation of water at the equilibrium point under atmo¬ 
spheric pressure is accompanied by a decrease in volume. 

The atmosphere does the work jgv on our system for every mol 
( — 2 H 2 — IO 2 + 2 H 2 O) which disappears. The work done by our 
system at equilibrium and under constant pressure therefore 
has the (negative) value If, then, we are to hold strictly 

to our definition according to which the maximum work at the 

centimetre, we should then have obtained const. + 4*662*'' log 82*1 = const.", 
that is, const + 8*712/. 
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oquilibrium equals zero, it follows as an immediate conswiiumce 
that work against the constant pressure of the surroundings 
cannot be counted; that is, that the reaction must be con¬ 
sidered as taking place at constant volume. 
r;hango But suppose we did count the work done against a constant 
In formiua external pressure, what effect would it have on our formula ? 

byiKlif- E. glance at otir fundamental ecpiation A = V — q, ■which at 

(UiMtion eqvnlibrium becomes 0 = U — y, shows us the answer to this 

of A. question. If the work done against the constant oxlernal 

pressure is to be counted, wo must, as 'wo have alnnidy seen, 
add the term prXv' to the left-hand member. But, as we wiw 
at the beginning of this lecture, the change in the total energy 
is also greater, by pv'E.v, at constant pressure than at «;on»t«nt 
volume. If, therefore, wo choose to change our delinilion of 
the ecpdlibrium and add to reaction energy A the quantity 
p?Sv',wemust also add to the right-hand me ml ter of expression 
(20) for the reaction eneigy, the equivalent of pv'E.v, that is, 
IlTSv'. 

If we are not actually determining the (Hjuilibiriiini con¬ 
ditions of the gases, b'ut are measuring tlieir t&w.lUm eneJ^y, w© 
make use of gas elements, as above montiomal 'llm oxy- 
hydrogen cell described in the Fifth Lecture ladtuigs to this 
class. It funushes the maximum clectric:al energy A,, from 
the combination of hydrogen with oxygtm. If it is working at 
constant pressure, the atmosphere will tio, iti luklition to this, 
the work pv on the system, since one mol disnpiHJiirs dttriiig the 
reaction 

(-2H8 -Oa-t- 2Ha()) 

Counting this in, the maximum work equals At—jm, or in 
general equals A« + jwSv'. If this term is define*! m the 
maximum work of the cell, then in equation (29) the right- 



ideutioal when 2£v' equals zero, that is, whan the numlsjr t>f 
molecules on both sides of the chemical equathm is the mum ; 
for in that case 'Sv'lne' is equal to "Siv'lnp*. 
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ANOTHER DERIVATION OE THE EORMITLA PREVIOUSLY OBTAINED, 
AND ITS BEARING ON REACTIONS BETWEEN SOLIDS 


We became familiar in the first lecture with the expression— 

It" p. ^ ’ 

Qt was the reaction heat at constant volume and at the 
temperature T. Erom it we can now derive the formulae which 
we deduced from the entropy principle in the second lecture, 
provided we can succeed in expressing the maximum work A as 
a function of the concentrations. 

Van’t Hoff^ has solved this problem with the help of a 
reaction space which we shall call the equilibrium box’" (Fig. 4). 





Fig. 4. 


Chemical equilibrium is assumed to always prevail in this box. 
The substances disappearing in the reaction are introduced 
through the side wall on the left, while the products of the 
reaction are removed through the wall on the right. That is, 
the left-hand wall is only permeable to the factors, the right-hand 
wall to the products of the reaction—as illustrated in Fig. 4. In 

1 “Die Gesetze des cbemischen Gleichgewichts,” by J. H. van’t HofF, 
Ostwalds KlassiJcer, No. 110, edited by G. Bredig. Leipzig, 1900. 
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this way we can imagine any desired quantity of the gases 
reacting without gain or loss of work, provided only that the 
substances he put in or taken out at the same concentration as 
they had in the equilibrium mixture. If we know the concentra¬ 
tions at the equilibrium point, it is not difficult to determine 
what the reaction energy would be at any other concentrations. 
Tlie Thus we need only imagine that a substance which is 

about way react is brought by an isothermal change of volume, 

through ^ -with the production of the maximum amount of work, to the 
brL^box" concentration which it has in the equilibrium box. We then 
imagine it to be introduced into the equilibrium box, and to 
mining A. react there without gain or loss of work. The products of the 
reaction are similarly and simultaneously removed from the 
equilibrium box, and are brought back to the original concentra¬ 
tion by a similar isothermal and reversible process. 

The net result of this process is the same as if we had canied 
out the reaction reversibly at the given temperature without any 
equilibrium box and without any changes of concentration. 

The maxi- The maximum work cannot depend on the path we take in 
k passing from the initial to the final state. If this were the case, 

pendent of it would be possible, by cariying out the direct reaction in one 
the path. reverse reaction in another, to have some work left 

over at the end, although the temperature had not changed. And 
this in spite of the fact that everything returned to its original 
condition. This statement is most significant. But it does not 
have its roots, as we might at first think, in the law of the con¬ 
servation of energy, for we see, on closer inspection, that this work 
need not necessarily have been created out of nothing. It could 
have been generated from heat which was transformed into work 
at constant temperature without any other accompanying change. 
Were such a process possible, it would by no means invalidate 
the law of the conservation of energy. Let us see why, in spite 
of this, our experience declares it to be impossible. 

The per- For this purpose let us admit for the moment that heat can 
mob^of turned into work at constant temperature without any 
i^^second permanent change. Such an assumption would mean that it 
should he possible to invent some sort of a motor boat wMch 
could derive its heat from the ocean, convert it into work, and 
then, through the agency of friction, return it again to the 
surrounding ocean. Such a boat would be just as much a 
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perpetual motion macMne as any apparatus which created work 
out of nothing. Ostwald^ has called this a perpetual-motion 
machine of the second kind. 

Experience tells us that this is just as impossible as a 
perpetual-motion machine of the first and better-known kind, in 
which work is created out of nothing. If the impossibility of all 
forms of perpetual-motion machines of the first kind is referred 
back to the law of the conservation of energy, we may, with 
Boltzmann,^ recognize the source of our conviction that perpetual 
motion of the second kind is impossible in the invariable direction 
of time. That is, our inner consciousness can never conceive of 
time as progressing backwards. If we q[uestion why, on waking 
from sleep, we are so sure that we always are older and never 
younger, we can only answer that, in our world, things transpire 
in a fixed direction as far as time is concerned. Direction in all 
spacial things req[uires a special testing. If we fall asleep in 
a coach facing forward, we are by no means sure on waking 
that we have gone forward. The coach may have stood still, 
or may even have turned about and gone in the opposite 
direction. A fixed direction does not, then, exist in spacial 
things. The consciousness of a fixed direction of time is a result 
of experience based chiefly on the observation that whatever 
happens in the world of reality does not of itself completely 
revert to its earlier condition; it never retraces its steps. A 
swinging pendulum, though it be ever so finely hung, comes 
slowly to rest, and does not again begin to swing unless it is 
moved from its position of rest. Eriction never becomes negative. 
If it did, a machine might of itself start running, cooling its 
bearings, and converting the heat thus obtained into work. 
Gases or liquids, once mixed, never spontaneously separate and 
thus return to the higher concentrations existing before the 
mixing. Warm water, which we have prepared by mixing hot 
and cold water, never spontaneously separates into a hot and 
cold portion. Every one of these processes, which appear so 
impossible to us as to be almost absurd, if they could take place, 
would make possible a perpetual-motion machine of the second 
kind. Every perpetual-motion machine of the second kind 
would make it possible for us to turn backwards the hands of 

1 Ostwald, “Lelirbuch d. allgem. Chem.,” iii. 474 (Leipzig, 1893). 

2 Wied. Ann., 60 (1897), 392. 
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time. A cinematograph runniug backwards furnishes to the 
eye a picture of the world in which time is retrogressing. We 
can picture the same thing in our imagination if we think of 
ourselves as being projected from the earth with a velocity 
greater than that of light. Images of terrestrial happenings 
would then strike our eyes, directed toward the earth, in a 
reverse order of time, just as in the reversed cinematograph.^ 

We will now return to the work-process which gave rise to 
these considerations, and we shall first see what result may be 
obtained in the case of the formation of water from the elements, 
making use of the law that the maximum work is independent 
of the path. Tor the sake of convenience, we will start from the 
assumption that the three substances taking part in the equi¬ 
librium have the concentrations c'HgO; Ha? The 

energy obtainable from their transformation at T° on the 
absolute scale in case the concentrations are CHaO, ^Oa? 

may then be represented as the algebraic sum of three quantities 
of work, namely those required to bring the H2 and the O2 from 
the concentration c to the equilibrium concentration and that 
required to return the H2O from the equilibrium concentration 
to the concentration c. The amounts of the three gases to be 
compressed or expanded are connected by the equation— 

2H2 + 02^^21120 

According to our earlier conclusions (p. 18 ), these quantities 
of work can be represented as follows— 

A(H2) = for 2 mols of H2 from to c'na 


A(o.\ = 


= 2 ETte- 


(^E20» ^HaO 


1 The entropy theory, when applied to actual non-reversible processes, 
teaches that in all the examples adduced above (friction, diffusion, and con¬ 
duction of heat) the total entropy of all participating systems increases. On 
the other hand, for the reversible processes which we shall alone consider in 
the future, while single systems or parts of systems may increase or decrease 
in entropy, the total entropy of all the systems concerned, including that of 
the surrounding calorimeter or atmosphere, does not change. From this we 
derive the law of Clausius already mentioned on p. 34. W. Thomson 
{FMl, Mag,, (4) 4, 304) had previously given expression to a popularized 
conception of the law. 
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Tiioir sum is- 


or arranged- 


A = 4- iim?" + 2111’//"?'^ 

^(h 


llT/7i.:r:;a 


fJML.,- , 

c'li/ X do. 






The quotient* 


^ iiji X cot 


y lltO 


Ka 


c'n,® X do, 

which is characteristic of the cciuilibrium at T®, is called the 
equilibrium, coiidanl. Wo may now gcnoralizo this expression 
by noticing that— 

Uj^~ = 'S.v'lud 

(Til, X COa 

Wc then ohtmn— 

A = ItmKc - llTSvVrac' .... (2) 

Partial pressures may be used in the preceding deduction 
just as well as concentrations, and therefore we may write— 

A = limK;, - llTSv'V .... (3) 

Yet the numerical value of Kj, is, in general, not otiual to Ko, 
unless y,v' is accidentally equal to zero, and hence the term 
^v'lnj)' is identical in value with the term '^v'lnd. 

11 follows from (2) that-— 

^ = llfyiK, - Itili/'fnc' 

Tills can be directly substituted in equation (1), and wo got 
(IWhiK^ ilr 


Oombina- 
tiem with 
Ilolm- 
hollz’B 
ciimiion. 


dT 


The term- 


dny,v'iriJ 
dS ■" 




(4) 


however, here equals zero, for neither li nor nor the gas con- 
cuntrations can be changed by a change of temperature dT at 
constant volume. Taking It out, we then obtain— 


MlnK^ 


Qt 

■'P* 


( 5 ) 
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TJiis expression has aoquired the highest importaiiee Isjeauae of 
the work of Van’t Hoff. Integrated, it gives— 

lUiCKc = const. -J^^dT .(fi) 

or— 

JimKc = const. T - Tf':j^dr ... (7) 


Introduc¬ 
tion of 
Kirch- 
htoflTs law. 


dT - KTj:+ i;«H.st. T (8) 


Substitu¬ 
tion of 
partial 
pressures 
instead of 
concentra¬ 
tions. 


On comparing with equation (2), it follows tlml— 

A = llThiKc - liT:^dhic' = -Tj!^Jr/T - + «.nrt.T 

If now we introduce the value which KirchholfH law gives 
fur Qt (sec (la), p. 49), it follows that— 

A = - llTYv'im:' + eoH.st. T (8) 

Or, finally— 

A = Qo - <r\TlnT - <r"T^ - llTyd/ud + const. T . (9) 

. If we wish to substitute partial pressures for conceiitrationa 
in this expression, we first find that— 

dBinl^ dRliv'lnp' Qr 
~~dT dT ”" “ *“ 

(Here again Qt is the reaction heat at constarit volume and IT.) 
Now— 

dlnp' 

It 

is nob equal to zero, for the pressure changes when w« raise 
the temperature at constant volume. But we can readily find 
out the magnitude of this change from the gas law— 

dlnp' dlnBTd d^nU dlnT dlnd 


dT - dT 
All of the three terms— 


M + it 


dinB dlnT , dlnd 
'dT' ir 


except the second, are equal to zero under tb^e conditions, and 
it therefore follows that— 


dllXv'/at Qt 
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This expression, however, is the same as— 

= - ^2 • • • • ( 1 ^) 

Or, if we arrange the terms more suitably, and add the index (v) 
to Qt to show more conspicuously that we mean the reaction 
heat at constant volume, we get— 

dRlnKp __ Q(v)t “ RTSv^ _ Qcp)t 

_____ _ ^ 

Integration gives us— 

E/nKj, = const. -J^^-dT . . . (11) 

which, on multiplication with T, becomes as before— 

RmKp= const. . . (12) 

It further follows, just as in the previously discussed case, 
that— 

A = - ETSv'fey + const. T . (13) 

On the basis of Kirchhoff’s law, we now introduce the difference 
of the specific heats at constant pressure— 

Q(p)t = Qo 4- cr'pT + (t"T^ .... (14) 

and obtain— 

A = Qo - (r'pTlnT - - ETSv7n^>' + const. T (15) 

We have thus deduced again the same eq^uations which we 
found in our Second Lecture. It is very evident in this new 
method of deduction that, in spite of the introduction of the 
reaction heat at constant pressure (Q(p)tX the external work done 
by the atmosphere should not be taken account of. For the 
walls of the equilibrium box, in which the reaction is imagined 
to take place, although partially permeable, are nevertheless 
rigid, and neither allow the atmosphere to do work of com¬ 
pression upon our system, nor our system, in expanding, to do 
work upon the atmosphere. 

If we examine somewhat more closely the expression which 
we deduced in the Second Lecture from the conception of 
entropy, the integration constant obtained here will appear in 
a new light. According to our earlier discussion, in the case 


The indo- 
terminate 
thermo¬ 
dynamic 
constant. 
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of formula (22a) (p. 50), this constant was made np of the 
difference in the true specific heats of the factors and products 
of a reaction and of the latent heat, provided the reaction took 
place at T = 1° and at equalized concentrations (^vlnd = 0). 
We represented this particular value of the latent heat by the 
letter h. This relationship no longer appears in our altered 
method of deduction, but we can easily recognize it if we insert 
the value 1 for T and 0 for obtaining in this way from 

equation (9)— 

Ai = Qo - O'" + const.(16) 

According to the fundamental equation (First Lecture, p. 14), 
A = TJ — If, as before, we call h that value of g which 
corresponds to T = 1 and ^vlnd = 0, it follows that Ai = 
Ui — A. We can here substitute for Ui the reaction heat at 
the absolute temperature 1° and thus obtain— 

Ai = Qo 4* + o-^^ — A; . . . . (17) 

If we compare this with (16), we immediately get the former 
value of our constant (Second Lecture, p. 50, (22a) and (28a))— 

Const. = o-'-y + 2(r" — A; . . . . (18) 

Anotlier Finally, we may carry through the discussion in a somewhat 
different way. Starting from the expression— 

tiOTl. 

A = U-|-T^. 

and substituting— 

A = U + = Qt + = Qo + <r'.T + <r"T2 + (20) 

we differentiate the resulting equation with respect to T at 
constant volume, and thus obtain ^— 


^ We shall later (p. 80) draw a particular conclusion from this relation, 

for which we will now take the preliminary steps. Thus, if = 0, the 

difference of the specific heats of factors and products is also equal to zero, 

and vice versa, as is evident from equation (20) and (21). Now, is the 

change of the temperature coefficient with variable temperature. We con¬ 
clude, therefore, that wherever the specific heats of factors and products are 
dA 

equal, ^ has the same value at all temperatures. But where the specific 
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dK _ , 
dT ~ 


I 9 nrr i rp ^ . d / A . 

+ 2(t T 4- 1-^2 + 


or— 



(t; + 2(r"T 


. . ( 21 ) 


If av 4* <r"T (see p. 49) is the difference of mean specific heats 
of factors and products between 0 and T° at constant volume, 
a’v + 2a'T is the difference of the true specific heats at constant 
volume and at T°. Eearranging— 


^ (Tv 9 " 

T ^ 


, . ( 22 ) 


and integrating, it follows that— 

-aV^T-2<T"T+/(»)! . . . (23) 

Now it is easy to show, on the basis of certain considera¬ 
tions due to Van’t Hoff, that the function of the volume ratios 
f(v) in this equation is identical, except for a constant x, 
with— 

— 'Ravine' 

We then obtain— 

/7A 

^ = ^(t^ItiT - 2(t"T - ESv7W - a? 
dT 

Substituting this in (20), it finally follows that— 

A = Qo - cr’TlnT - (t”T - ETSv'Z^c + ((tJ - x)T (24) 


lieats (at constant volume) of factors and products are equal, the reaction 
heat (at constant volume) is constant and independent of the temperature. 
Consequently, constancy of reaction heat at constant volume signifies 
dA dA 

constancy of ^ at all temperatures. But —T— is equal to the latent heat 

q (see p. 19). If — is constant, ^ is also constant at all temperatures, 

and therefore, finally, if the reaction heat is constant, is identical at all 
temperatures. 

^ A function of those variables which were taken as constant during the 
integration make its appearance here in place of the integration constant, just 
as in the corresponding derivation of equation (23) in the First Lecture. It 
is here a function of the volume or concentration ratio. 
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Comparing with (9) and (18), wo see that m i — 2flr^ The 
expression {(t\ - x) is the same one which we previtiiisly ailkd 
((Tv + 2(r" — /f), and wliich we obtained in ecpiation (9) under 
the simple guise of const.^' That it has a difliimnt formal 
appearance depending on the method of derivaticm is dnc! to tfi# 
circumstance that in every integration there must iil ways remain 
an indeterminate constant. 

The latent heat is, then, as we hav(5 nlreacly seen in the 
Second Lecture, the only remaining unknown fiicbir in a gas 
reaction which progresses, or, more precisely, which can ki 
considered to be progressing, at the ahsoliiU*, taiiiiiemttire 
T = 1° and at equalized concentrations = Cl). Wti 

need not again consider how this unknown rjiiantJty is relatccl 
to the value of a degree on the temperature scale. 

It now remains for us to learn what mo(lific?iitioii8 iiiiiy ha 
made in our formulae to adapt thorn for special ernes, Hiiifc imf 
knowledge of the reaction heat or of the lioals m tifkii 

most unsatisfactory, it is of the very greatest iiiiporliiiicii to 
know what thermodynamic conclusions we ean draw mdifiotit 
their aid. 

The most important of these conclusions m one wliieli ¥iiTt 

Hoff has derived from the formula— 


Y^dllYKe _ Q(»)T 


(i) 


He points out that the reaction hw^t (Qt) at foltiint 

always changes very slowly with the tomperfitmti, W« iiity 
therefore assume, without hesitation, tliat Imtweeii itiiy %wm 
fairly adjacent temperatures, T' and T, it wciiilci hum III# 
constant average value Q^. In%rating (U) lliiii# 

limits, it follows that— 

or— 

“r) * • 

Knowing the experimentally determined value of K# at tl»o 
temperatures T' and T", we can easily find the mean mcUon 
heat Q„ between T' and T" (at constant volume). 

If T' and T" are high temperatures, not vtiry far ai»r^ the 
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value of computed iu this way may be very different from 
the value of the reaction heat measured calorimetrically at 
ordinary temperatures and at constant volume. By comparing 
both values, we may see how the reaction heat depends on 
the temperature, and estimate the difference between the 
specific heats of the factors and products and its change 
with the temperature. This method is of great theoretical 
importance in determining or checking other determinations of 
the change of the specific heats with the temperature. We 
shall see how Bodenstein actually made use of it in studying 
the dissociation of hydriodic acid. In practice the method has 
the drawback that Kc(t>) and Kc(t'o must be determined very 
accurately. A numerical example will best illustrate this. If 
T' and T" are respectively 2000® and 1800® on the absolute 
scale— 

r “ T’ ^ ^ 


That is, is a very small number. The mean reaction 

heat, which in this case we may consider the reaction heat at 
1900® abs., is then— 


Qm — 


E 

5-55 X 10"*^ 


In 


Ec( 1800 ) 

Ec(2000) 


or, substituting Briggsian logarithms for the natural logarithms, 
and the value 1*98 for E— 


= 0*829 X 10® log 


Kc( 180 O) 

I^c(2000) 


Now, suppose that the ratio of the two constants as found in 
a series of experimental determinations, which are in most 
cases not simple, was really 10 per cent, too great. would 
then come out wrong by 0*829 x 10® log (1*1), or in round 
numbers, 2500 cals. An error of this magnitude makes it idle 
to attempt to calculate the change in the specific heats with the 
temperature from the heat of reactions at ordinary temperatures 
and Qw, the heat of reaction at 1900® abs. 

In this state of affairs it is natural that determination of 
Qw should only be used as a sort of check to see whether the 
values of K as found for any two temperatures stand in 
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approximately the right relation. We iwuiilly know enongli 
about the specific heats to be able at least to estinmte how 
great the reaction heat could be at anc>ther temperature. If w6 
get approximately the same result from the Cftitilibriiim coja- 
stants of equation (25), then these constants uimt certainly 
bear nearly the right ratio to one another. 

While we may unhesitatingly neglect the chiinge of the 
reaction heat within narrow temperature interviils, we should 
possibly introduce a considerable eiTor into our aihmlations if 
we neglected it at all temperatures. We do not, tlierefort^, get 
such a good approximation using thc3 equation— 

A = Q, - RTSr' In c' + cctosL T . . (25a) 

This approximate equation serveH chiefly for ciiilculiition of 
equilibria, A being put equal to zero, and Xr/nc' iji|ual to 
It is widely used in theoretical physics. Idanck, for instanoe, 
bases all his examples on it.^ Its basis is ii very iiiterestiiig 
one. It depends on the supposition that the specific heats of 
gaseous compounds are made up additively of tlte lieais 

of the gaseous components. 

This supposition was first made and defanilad liy Buff (IHfiCI), 
and also hy Clausius^ (1861). Both based their itrgiiiiionte on 
the experimental results of Eegnault. Ciausiiw gives a ialils 
(Ic. and later corrected in accordance with ItogiiriiiIt% final 
values and published as Appendix B to liis nixtli |Mi{ier on 
thermodynamics^), in which he com|mres the exjieriiiiantal 
values with those calculated on the assuiiiptioit tliiit all 
diatomic gases have the same si>ecific tieafc at cotwliiiit vcilnin^ 
and that, farther, the triatomic gases liiive iqaicifie heiits Iifdf 
again as great, the tetratomic gases twi^i iii great m tliei#, and 
so on. The agreement is veiy imi»rfeet. Tfie 
occasionally exceed 30 per cent. Itegiiault/ in Iii.^ mtical 
discussion of the experimental facts, therefore tliii view 

championed by Buff and Clausius, or is at lc»iMt very mmptiml 
about it. It is primarily an extension to gmm of ilm mlmn nf 

^ For a more detailed discussion see tlie Fiftli I^ectuw. 

2 Buff, Liebigs Ann, d. Cfhemie u, FhmrM.^ 115 (IS#), 

3 Clausius, Liebig"! Ann, d, Ohmd$ u, FMrm,, IIS (imi% MB, 

4 “ Abhandlungensammlung,” Bd, iL ISil), 8, 2M, 

^ Mem. Imt, de France^ 26 (1S62). 
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Nouiiiaim (1831) and of Kopp (1864). Those rules state that 
the si«H:iiic hoat.H of solid compounds are made up additivoly of 
th(5 8|K!oifi(} heats of the solid constituents. Viewed from the 
standpoiiit of the mwilianical theory of heat, it represents an 
application id llertholot’s principle, which wo discussed at the 
close of tins first hKsturo. To bo sure, tlie assumption of Buff 
and CJlausiuH (as expressed in 26(a) is by no means a sufficient 
condition that heat (Q„) and work (A) (when mass action is 
eipializod—that is, when y.vhia' = 0) are identical. Tor, as wo 
seti in the etiuation, they dilfor by the term const. T. But the 
assumption of Buff and Clausius, which makes the terms irVlVyiT 
and ri'P (which do not appear in equation 25a) equal to zero, 
is one of the conditions necessary for the identity of Q» and A 
ns maintained by Bcrthelot. 

From the atomistic jwint of view which Clausius took, the 
theory projmsed by Buff and himself had a still further significance, 
Clausius askwl himself what effect the heat which one added to the 
gas had ujxm the molecules. lie divided it into a portion which 
exerted a heating effect only, and another portion which changed 
(he intenuil natiu-o of the molocuh^, exercising, in particular, 
a loo.s(‘ning power upon the forces which held the atoms 
together. Because of this distinction, Clausius naturally camo 
to investigate the limiting case where heat worked solely upon 
the thermal condition of the gas, and had no effect on the 
molcfjular properties of the gas particles. He was able to 
deduce mathematically for this limiting case the view proposed 
by Buff and himself. Clausius therefore considered the additive 
nature of the simciflc heats as a characteristic of perfect gases. 

The im|)ortane(i of atotnistic considerations in thermodynamic 
questions is very differently evaluated. Many important dis¬ 
coveries have undouhkxlly beerr made hy their help, and 
Boltzmann * has shown tliat the mechanical theory of heat can 
Ixj (sompiotoly represented on an atomistic basis with the aid of 
the theory of probability. On the other hand, Gibbs,® Helmholtz, 
Blanck,® and Maeh *• have shown that the theory of heat becomes 
simpler and more convincing when stripped of its atomistic 

' “ Vorlestingeii Ulwsr (laHthoorio,” iJ. Toil (Leipz% 1898). 

^ “Thermoilyn. Bludioii,” tmiis. by Ostwald (Leipzig, 1892). 

* “ Thermcwlyiiamifc,” 2 AufL (Leipzig, 1905). 

* “ Prinzipien der Wlrmelolirt,” 2 Aufl. (Leipzig, 1900). 
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clothing. This especially applies Ui work ot Muesli. If 
we abandon the atomistic basis and no longer coiwidei tli© 
peculiarities and movements of inoleoule.H inijierfreptible t<i all 
our senses, and consider instead those cpialities c»f heat aiitl 
work—things directly accessible to our senses coiTespciiiding to 
molar quantities—the view of Clausius and Bull tli© 

nature of a postulate, which it posscsscKl with Llaiwiiis, and 
becomes simply a statement of experimental laefc. It is in this 
sense that Planck introduces it into his tht.Tmcidynamie treat- 
ment, while we, because of the poor eonfirmiition, which tm- 
periment ajffords it, do not use it in our gcmeml considetiiticiiis. 

Historically, it is interesting to note that the first iipplicaticiit 
of thermodynamics to chemistry resulted from tlic! line of tlis 
Bufif-Clausius approximate assumption. 

Clausius called attention only to the general applicmliility cif 
the theory of heat to chemical reactions. Wo Imvo Ilor^tiimiiri * 
to thank for the fundamental advance from tliis iiicidiintil 
observation to a fruitful thermodynamic treatiiieni of cliefiiiial 
problems. His development lacked the 0cii«pleteiii»« wliieli 
was later attained by Gibbs, Helmholte, anil ¥aii't Ihdf* It 
followed directly the line of reasoning adopfceil by C’laiwiiw, and 
practically resulted in equation (25a), He dm« not Tail to mil 
attention to the variability of the reaction Iwmt with I Iso 
temperature and to its effects. But, standing within the 
of the thought and influence of Clausius, ha naturally aicril«s 
only a subordinate importance to this f^Oisihility, It ii of 
considerable interest to compare Hoimtiriaini's tnmtiiictit with 
that of Le Chatelier, winch wo mention^ at tlici k^giiiittng cif 
the First Lecture. Both treat the same relatioipliiiis, anti in 
part the same examples. But almost a geiicmtiiiti li« 
the two, during which Helmholt2: and Vaidt Hoff, 
had shown the way to apply systematically IhcriiiCKlyttiiiiiics to 
chemistry. The view of Buff and Clausius ii no loiiger enter¬ 
tained by Le Chatelier. 

1 “AbbaadluDg zur Thermodynamik ehemlieher Vcirglnge,” hj 

J. H. Van’t Hoff (Leipzig, 1903; Ostwfdd’s Kkisikari No. 1117). 
the historical observations of Yan’t Hoff on p. 7S of tlili 

^ “Die Gesetze des chemischen Glelehpwiehta.*^ TnuwlaW Ititu tti« 
German, and edited by Bredig (Leipig, 110^; CMwiltfi 
No. 110). 
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If we substitute for c in equation (25^!^) as before, tlie ex- Roughest 

approxi- 

pression it follows that— ' nation. 

A = Q, -f RTSi//'/iT - + const.' T 

If we consider the term InT as constant, which is permissible 
within narrow temperature limits, or if '2v equals zero, we may 
rewrite the formula as follows— 

A = Q — -t- const." T . . (26) 


This expression is the one used by Bodlander.^ Applying it 
to the whole range of temperature involves an approximation 
which, again, is less complete than the former one, except when 
the number of molecules on each side of the chemical equation 
is the same. 

Bodlander’s formula calls Q the reaction heat at ordinary 
.temperatures. It does not matter whether we take reaction 
heat at constant pressure or constant volume, for we are only 
concerned with the roughest kind of an approximation formula, 
and the two sorts of reaction heats are always nearly the same 
at ordinary temperatures. The fundamental idea in the ap¬ 
proximation, namely, that the specific heats of gases at constant 
pressures are additive, is older and less complete than the view of 
Buff and Clausius expressed in equation (25a), as Clausius himself 
pointed out. It can neither be explained in terms of the atomistic 
conception, nor is it compatible with Berthelot’s principle. 

Equation (26) has an important empirical bearing on certain 
phenomena related to gas reactions, particularly dissociations in 
which solids and a single gas take part. If it w^ere not for this, 
equation (26) would only be of value as a rough approximation 
formula with which to compute, from values of the free energy and 
the equilibrium constant observed at known temperatures, values 
at intermediate temperatures. To make this clear, we shall briefly 
discuss the connection between the reactions of solids and of gases. 


Where both solid and gaseous substances take part in a when 
reaction, we can deduce in the same way the formulae which we 
found for simple gas reactions. Suppose, for instance, that the join in the 


reaction— 




reaction. 


where c and / are solids, were to be studied instead of a gas 
^ ZeitschTnf. Elehtrochemie, viii. (1902), 833. 
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reaction. We can imagine an c(iuilibrium box containing all six 
substances in a state of equilibrium, Just as we clicl at tlic 
beginning of this lecture. Here, as before, we inircKlnec tlie 
gaseous substances a and b at their concentmtions in the equi¬ 
librium mixture, and draw out the gaseous sulmianecs d iincl ^ 
in a similar way. The reaction then progresses in the equilibrium 
box without any expenditure of work so long as tlie supply of 
c and/holds out, and we can, of course, consider tlie supply m 
indefinitely large. The concentmtions a, h, d, and f am the sole 
variables. Only these substances, therefore, can be brought to 
other concentrations by isothermal ox]winHion. We ihmdim 
find exactly the same expression (2) or (3) for tlio cuiergy of mtr 
reaction, excepting only that the gaHCous suhsianees iiiicl not 
the solids appear in the term or Tlie 

quent treatment is the same, stop for step, as that of 
systems. Only the reaction heats and tlm H|xicdfie lieiits iim 
affected by the presence of the solid Bubstimccs,^ Among the 
cases here included there is one which is of cHpccial iiiUmmi to 
The dis- US. It is the case of dissociations, whores hut a single gammm 
component is present, as, for instance- 
carbonate. GaCOa = OaO + 00^ 

1 There is an observation -which oiiglit to he mfulc rcxiirdiiig llic 
heat of solids. It is as easy to determine the spedfni lioalM of pulitbi iil 
constant pressure as it is difficult to clotermino their spcdflc licalfi ftl 
volume. Fortunately, it is of no importance what this specific licaf at foittteiil 
volume is, so long as we are only dealing with simple fiiibstancci, ttnil ticil milli 
solid solutions of variable composition. In deducing cmr fcOTiiila* {p. wc 
assumed the volume to remain constant when we raised tin* huniwtrittfir# 
degrees, for we wished the heating to take place witfieiit dciiiig wrirk, la 
this way we obtained expressions referring to conitant vcdtiiii« or riiimtefil 
concentrations, and in which the specihe lieat at conittiit vcdiiiiie rip|if'itmL 
Now, solid snbstances have snch a small coefficient of thermal in 

comparison with gases, that we may neglect without llwt work 

which they would do in expanding against any small ixtermil 
atmosphere, for instance). We may therefore put the Kpcelftc lieit» of tuilldi 
at constant pressure, except when very high pressures are 
identical with the specific heats, when the solids are heated wltticuil their 
doing any work against external pressure. These latter ipeclflc Iit*at% Ifowef #r, 
are implied in thermodynamical formulffi. Besides, liy detennliilfig th« taliiiw 
of the specific heat of solids in a vacuum, w© could eaully rea!ir.e tliii 
where practically no work was done against an external pr«iiirc. ft l« 
naturally supposed that no vaporimtion of the solid suhfttetieiw telei pitri? 
and interferes with this determination of their ^ledflc heate in the vactiiiiti. 
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Wc may apply our conclusions to such a reaction in the follow¬ 
ing way.^ Let us imagine a box containing both calcium oxide 
and calcium carbonate to be heated to a high temperature. A 
certain pressure, of carbon dioxide will establish itself in the 
box, corresponding to the equilibrium of the three substances. 
If, now, we imagine one of the walls of the box to be permeable 
to carbon dioxide, and that through it we draw out this carbon 
dioxide at the pressure prevailing in the box, the reaction will 
progress steadily in the box at the equilibrium point without 
doing any work. It will only come to an end when the supply 
of carbonate is exhausted, and we may imagine this to be as 
large as we please. If we wish to know what the reaction 
energy of the decomposition will be, at some other pressure of 
carbon dioxide y>co 2 J carry out the decomposition at 

the pressure K^, as above described, and then bring the carbon 
dioxide thus obtained from the pressure to the pressure 
by an isothermal and reversible process. This would yield the 
work— 

A = ETZ^Kp — llTloipco2 

which must be identical with the reaction energy of the direct 
decomposition sought, for the maximum work is independent of 
the path by which we obtain it. Just as before, we can now 
deduce the relation between this reaction energy and the heat of 
decomposition at constant pressure— 

-rydlTilLp Qp /'0'7\ 

dT P.^ 

If, as a first approximation, we assume the heat of decompo¬ 
sition to be independent of the temperature, we further obtain 
by integration— 

RlnKp = Y + const.(28) 

This formula is perfectly comparable with the expression (26) 
which we obtained before. This becomes evident as soon as we 
rearrange it to— 

0 = Qp — + const. T . • . (29) 

1 This case, so frequently discussed, is somewhat complicated by the fact 
that, according to Raoult {Gomp. Bend., 92 (1881), pp. 189,1110, and 1457), 
the alkaline carbonates form basic carbonates with carbon dioxide at high 
temperatures. We shall not consider this aspect of the problem. 


Tlie im¬ 
portance 
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where the value 0 tolls us that tho iiwiftion luicrjiy v.ini .!«'■« iM 
the pressure Kp. 

We can make very profitahlo uw* ol tliis i‘<jiiii}i<ui if w.' 
know tho value of tho constant it conUiins. ^^lr with iJ" help 
we can pass over from gas rwmiittiH }(r«>}HT !«< 
between gases and solids. SujtjHKSo, for examjdc, flwt w i be*! 
to predict whether a certain mi.'itun* of rarU'it »iou<>%)d»‘ und 
dioxide would reduce a inotullic. oxide, sa}' foO, or oxidai'o fho 
corresponding'metal, Fe, at a teinisjnitnn* of T. I in.' ?b« 

formula, we can calculate the i«i.rtial piTssuie of ttlut h 

is in eq[uilibrium with iron and ferrous o.'cide uf T'. It. th» n, on 
the other hand, wo know enough ahoiu fhe r'lniliinnuo 
CO + 0 ^ CO 2 to toll what preHSuri! of oxygen eau exit i. g.! lai 
with carbon monoxide and dio.xido at their given pje -siin ♦, the 
problem is solved. That is, if the e<iuilibriuiu jirej.'ino fhe 
oxygen in the given mixture of carlsm monoxide nud tliovide h* 
greater than that which cati exist in ctjuilibriuni with iron nnd 
ferrous oxide, the iron will bo oxidixed and ovygen ih» 4 »}i. 
This oxygen is furnished by the carkin dioxide, whirh i 1 thriehy 
reduced to carbon monoxide. If the gas niixtnri* i» af♦•«•}!ly 
replenished, the reaction will continue till all tfw iron k von. 
sumed. If it is not replenishwl, then tho TOwdion t oinrt loa 
halt when the partial prossuro of tho dio.xido has iliiidiiiBlii'd, 
and the partial prossuro of tho nioiioxhlo imToavod far that 
the partial pressure of the oxygen in «»iiiilibrinin with tk'tti 
shall have become equal to tho oquilihriHin pivM^nre vif tlw 
oxygen over the ferrous oxiile and inm. If fnmi the dart 
had such partial prt^sures of monoxide and diotiile that tlw 
oxygen partial pressure in equilibrium with tlH*m was low than 
the dissociation pressure of the ferrous oxi»k, fim ktii*r would 
dissociate, giving up oxygen to tlte oiirbcm Jitonoxido, If ilje g«a 
mixture is steadilyrenewed, this would con tin tie till all fk> forT»>B 4 
oxide has been used up, otherwists it would wtamj when the i^artial 
pressure of the oxygen in equilibrium with the irtorioxtdif am! 
dioxide was equal to the dissociation pressttre of the f«iTmi 4 o.%i*k. 

We can apply the same reasoning to the tmiHfotiimlion of 
ferrous oxide into ferric oxide and the oorrHUfioiidiiig twnaftrt'- 
mation of ferrous oxide into fomms-forrio oxide. Ilw mom 
accurate investigation of this ease which Baunr and ( ilawatiw * 

‘ C%m{e, 4:t (UHKi}, m, 
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have carried out naturally disclosed certain deviations, because 
the approximate assumption regarding the reaction heats is not 
suflEiciently exact. Yet it does not invalidate formula (28) for 
purposes of illustration. Yery similar considerations apply to 
the oxidizing or reducing action of moist hydrogen.^ 

All oxidations by carbon monoxide and hydrogen (or techni- other 
cally by water-gas or half-water-gas), and by carbon dioxide 
and water-vapour, may be similarly treated. Indeed, if we 
look more closely, we see that most reactions of solid substances 
with gases can be referred in this way to a gaseous equilibrium, 
and one or more dissociation equilibria. Thus we may con¬ 
sider the action of carbon monoxide on molten caustic soda^— 

CO + 21IaOH % COsNa^ + Ha 

to consist of a competition between the dissociation of sodium 
carbonate into carbon dioxide and sodium oxide, and of sodium 
hydroxide into sodium oxide and water, and the water-gas 
reaction, as illustrated in the following reaction:— 

2NaOH NaaCOs 

CO -b HaO COa + Ha 

+ + 

ISTaaO 

^ We find cases, such as the action of hydrogen on silver chloride and 
bromide, which belong there, and which Jouniaux {Cornet, Rend., 129 (1889), 

883; 132 (1901), 1270; 133 (1901), 228) has studied. Here the dissociation 
of the halogen salt into halogen and metal is linked with the reversible forma¬ 
tion of the halogen acid from halogen and hydrogen. If the pressure of 
liydriodic acid over any aqueous solution of hydriodic acid between 0*015 and 
0*167 normal were known, we could easily calculate from Danneel’s electrical 
measurements {Z. /. jphys, Ghemie, 33 (1900), 442) the corresponding equi¬ 
librium between silver iodide, hydrogen, and hydriodic acid. We could 
further, with the help of Bodenstein’s measurements of the hydriodic acid 
equilibrium (to be discussed in the next lecture), calculate the dissociation 
equilibrium of the silver iodide. 

We should also mention in this connection Pelabon’s investigations {Ann, 

Chim. Fhyif,, vii. 25 (1902) 365), of the behaviour of hydrogen towards the 
sulphides of the heavy metals, where the dissociation of the sulphide into 
metal and sulphur is correlated with the equilibrium between sulphur vapour, 
hydrogen sulphide, and hydrogen. A comparison could here be made with 
Bernfeld’s measurements {Z.f.phys. Ghemie, 25 (1898), 46). 

2 Haber and Bruner, Z.f, Ehhtrochem.,%, (1904) 708. 
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We might similarly resolve the well-known ?»»i!j»h»le |tr»ri‘S» »if 
Hargreaves— 

2 N'aCl -h HO., - 1-0 + H./» = Kj^SO, + 2 »C-| 

into the two dissociation eqiiilihrin 

2Na01:^Xn.., + f).,, 

X!i.,S<).,:^X%0 + HO,, 

and the gaseous equilibria— 

SO,+ ():^HO,, 

01, + 11,0:^ 211 Cl + o 

One of these gaseous oqnilihria i« the >4 

anhydride manufacture, the other of the OearHji jui'i e.i'. 

Two solid substances, such as liiiut and (••ileiHin < ajh'tii *!**, 
which exist in a di 8 .sociatiou etjuilibrium with a }.' *>. o« *. ojj thn 
gas like a pressure regulator. They trtk«' up the «he« the 
pressure tries to rise, and give it tiff wlu*ii it trii < to t.ill. Tlm» 
they exert the same inllueuce on the presnnie iw a e«»n 4 eii>* 8 ?i<ij» 
product of tlio gaseous substance (for in**tnin'e, t'olid Cfl, »< 
presence of gaseous CO,) woiihl do. In thh ea'te the 
pressure of the gas corresjnmds oxar.lly fit lio* di' 
pressure in the aliove sense, A ga^enn?! «*fiiiilihriu»t» Ihiltufl 
with a vaporization is consequently oniindy to «»Br 

linked with a dissociation. relalKiuMtas i 4 n<iii'<l nti t tainjiif.- 
of this kind. It consists in the reversible format j«ii) of gawitis 
hydrogen selenide from solid sidetiium ami gaseoH** 

Here the equilibrium— 

Se(iiol!d) 

is coupled Avith the equilibrium- - 

He^vijwmr) ■}" H, 

We axe also in possession of a Himilar study of th<* formali*»»» 
of hydrogen sulphide from liquid sulphur and hytlrogint grt*.® 
Dissociation equilibria, tliorefow, dewtrA'e jii«t as full a ireat* 
ment as gaseous equilibria. Yet wo cammt luidorlakit It bwre. 
We must content ourselves with considering btil owe sidw of tlie 
matter, namely, the constant of the approsimalinii fonnwia ijH}, 
where the reaction heat is taken as nnelmnging. 

1 Z.f. phyg. Ghemie, 26 (1898), m. 

2 Bodenstein, Z.f. Phyg. (Jhemk, 29 (18yt(), .'tl.',,««,! 




irox t>r tin-: ii>/i.yrr..i 


n 

!• i!ti ,<1 iMU !'(»i tin; ntiuiirk.'tliU' Mtati'iui'nt thal. Tin- 

tlij'i li.'ji A vviln»'. iilwHl :iU, fur it ftnt.nt 

<4 -«■ <<t'•lt'’,-i'nri!iti>(U whi'n* luit u wiiij;!c gun Ih <-**). 

!«i;;,'!* ' i.nlii! (»1> 'ritirt lii'iiig sn, I'tiriunlu (2H) 

I ■ ■ 

“ ,j!' . -.thinit ;S2.(lUl) 

tl»<* »li I'<eiii;itj.Jij jin*>)iut' (if (Ilf j'.t'it'H by 

Kf, ctjntil* Tbi>. rmitilMT Iijim !«!»*» fiiHird tit 

tiiry !• umt s in ivn }) l.i* (Ilutlnlirr,' wIki 

ill I * liSi' l il ii'idiinit (iitlii’t .ill;.; rr.lat but, fi'iiinl niliu« in 

t!if f*'v% (,t ii t af ill i iliijiiHal wJiii'ii wt»r«) j4i!iifr.illy a trilln 
!«]«•» ran r.iiail/ wlin fccfiitly ndiincriit'il hiiii.iiilf with 
till' tu«H«-r, fri'irjm'Utly iliiilft Mimiiswlmt lii;<hrir vuIunN. 

TIr hr t •)!(» ciiMij Hint tiin* nnUirally luiku, in view of fcluH 
i- wln'thnf tlm w diK) tn mrteiii riiJtukrifcioH 

ilii* *|rt'i jfiir i»p t(» till' iiiilurit t»f thu liisHorsiution 

j(r««r('H(i ilsnlf, ft aci'iiiM ailvimltlij tn I'xmiiiiiB tli«- 

I'lfrtii H ilitfttjiuit |w»ini<if viiiw, W« take as 

fiu Jill' Ik' «!»> '(«'iat(»in *tt'f‘«lriuiii (’arlmiialc. 

Is'l «!■* I'nnijifi'r lhi-( tii.<«rjftti'(ii as tin* imamigi* tif tjurlion 
fniin 0„. ailnl, binuid i'(»««lili<iii Ui Ihti gaiKimw, frae 

It i.i tinni, «« Wf liiwt* tilmuly jatiiited out, tiotti-sminirfai- 
}4«'J«'!y ftiiajl'sr fn tlin j»rnffm id* v'lijsirmiUuii. iiiihjoil, wa «in 
• iSiiniii «'»fjni»ti«iti (27,1 itiri'dly by twatiiij; tho I'cinitioii from this 
jrtiiiit Ilf ticM' Ai't'iirtliiig to {llHi«>yH»}t ami (JluusiiiH, ovtry 
trtjit(iri«*l}oji i-i yimriiwl by (In? llientimlymunic ridfttbu— 

. ( 27 a) 

Iltiw f/ signifies tlw latent hwat of vaiKiiiziitioii, tiiat in this 
lient uiwl wp In the ftinimtioii of vaiiuiir,»’« tlio vtdiiiiio in tho 
gamiottN cnijtJiiitiri, r* tlm vidiimu In tliii sidid (or liiiiitil) con¬ 
dition, ttttd p tilts |tre«ui® at tho tBiaiienitun) T. TIi© qnantitios 
off heat and tins vol«in«i all refer to onu laol ol substanws. itpply- 
Ing thii ki omr irooaas, which wc lany writo aa— 

< '< i.*««d) vaporlmkmt -k Of >s<g„*w,, tp*) 

' Jinn, ifm Mtm$ C»], la (1888), 157. 

' Ana. aim. vll.lWflTO), 884,581, 
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we ouglat to obtain the same result as we did from our other 
conception of the process, as embodied in equation (27). On 
comparing the two, we note that the heat liberated by the 
splitting off of the carbon dioxide was called in (27), while 
the heat absorbed in the same process was called g in (27^i^). 
It follows that S' = — Qp. The equilibrium pressure, which we 
called Kp in (27) we called p in (27a). We notice, further, 
that the volume of solid, bound carbon dioxide (that is, the 
difference between the volume of one mol solid calcium car¬ 
bonate and of one mol solid lime) is thousands of times smaller 
than the volume Va of a mol of gaseous carbon dioxide under 
the equilibrium pressure of the dissociated mixture. The 
difference % — is therefore not perceptibly different from Va> 
Then, too, the carbon dioxide obeys the gas laws almost exactly 
under the conditions of the dissociation equilibrium where we 
have either very low pressures at low temperatures or moderate 

pressures at high temperatures. We may therefore sub- 

!RT KT 

stitute ■— for Va, or, as well, for (va - %); and, further, for 

p X\.p 

T>T 

— and Kj, fov p. Therefore (27a) becomes— 

„ ET' dKp 

= Kj a 

or, when transposed— 

T) ^^^1^1) Q» 

E-^-= - p 


Applica¬ 
tion of 
Kircli- 
hoff's 
law to the 
pheno¬ 
mena of 
vaporiza¬ 
tion. 


which is identical with (27). 

Now, in order to pass over to the integrated form of our 
equation, we will replace the inexact assumption of a constant 
heat of reaction by the more exact expression afforded by 
Kirchhoff's law that— 

Qp = Qo + cr'^T -f- <r"T2 


The difference of the specific heats which here appears is the 
difference between the specific heats of a mol of carbon dioxide 
in the solid fixed condition and in the gaseous free condition. 
We can easily determine what the specific heat of the solid 
fixed carbon dioxide is by measuring the amounts of heat given 
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off, respectively, when we allow a mol of calcium carbonate and 
a mol of lime, each heated to to fall into an ice-calorimeter. 
In this way we determine the mean specific heat of the calcium 
carbonate and of the lime between 273° abs. and T° abs. The 
difference between the two represents the mean specific heat 
of solid, fixed carbon dioxide over this interval of temperature. 
By repeating these experiments at other temperatures we may 
determine this specific heat over a wider temperature interval. 
In this way we can derive an expression a + 6T which will repre¬ 
sent the mean specific heat of solid, fixed carbon dioxide between 
0° abs. and T° abs. There might possibly be still a third term, 
cT^, in the expression, but we will neglect it here for the sake 
of simplicity. If we subtract from this the expression a! + b'T, 
representing the mean specific heat of gaseous free carbon 
dioxide at constant pressure, we obtain the value <r/ and (r"T^. 
Substituting these values in (27) and integrating, we get the 
expression— 

FJnKj, =^- cr/lnT - ff"T + const, 
instead of (28). 

We may again make use of Kirclihoff’s law and replace Qo 
by the heat of reaction at ordinary temperatures (about 290° abs.) 
which appears in equation (30), writing— 

Qp( 290 ) = Qo + <r'p X 290 + ff” X 290* 

If we substitute this expression in the preceding equation, 
choosing at the same time such a temperature that = 1 and 
consequently ElwKjp = 0, we obtain— 

_ + ^) - <r"(T + + const. (30a) 

The left-hand members of equations (30) and (30a) axe identical. 
Consequently the right-hand member of equation (30a) must 
be very generally equal to 32. If we examine the examples 
upon which this fact is usually based, we find that they are 
either carbonates which split off carbon dioxide, solid hydrates 
which give off water-vapour, ammonia compounds which lose 
ammonia, or finally oxides where oxygen is set free by heating. 
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Now, the specific heats of the gaseous products of dissociation 
are, according to Kopp/ as follows : 

O2 CO2 H2O 

8'0 9-8 8-6 

The atomic heat of nitrogen in the solid fixed condition is 
uncertain, and the value for ammonia is omitted on this 
account. The other three values lie sufficiently near the mean 
specific heats of the same substances in the gaseous state (per 
one mol at constant pressure between 0"^ and T) to allow us to 
assume that and a" and the terms containing these quantities 
in (SOa) are very small. Looked at in this light, the fact 
expressed in equation (30) simply means that in the reaction— 

C 02 ( 8 olid, fixed) vaporization C 02 (gaseous, free) 

and in analogous ones, the constants of the equation governing 
it have a nearly identical numerical value, and that the approxi¬ 
mate formulae (28) and (30) give the same constant just because 
the terms neglected are small in the examples at our disposal. 

But if the numerical value 32 is correlated to the change 
from solid to gaseous state, the suggestion immediately presents 
itself that we might find the same number in the case of an 
ordinary vaporization, such as— 

^^ 2 (fiolid, free) Vaporization C'02(ga8€0ii8, free) 

representing the quotient of the heat of vaporization and that 
temperature at which the vapour pressure of the solid substance 
equals an atmosphere. As Torcrand (l.c,) has shown, this is 
really the case. 

To make the matter clearer we may proceed in yet a 
different way, making use of a principle which has to do with 
the reaction of solid substances with other solid substances to 
form solid products. Tor brevity’s sake, we will call such re¬ 
actions “solid” reactions. We can then say that in “solid” 
reactions the heat of reaction and the maximum work are very 
nearly identical. 

This principle is easily understood, because, in the first 
place, according to the Kopp-Naumann rule, the specific heat 
of a solid molecule is equal to the sum of the specific heats 

^ See compilation in Ostwald’s^Lehrbuchder allgem. Chem.,” i. (1891) 982. 
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of the component atoms. Now, every chemical reaction is 
simply a rearrangement of the atoms to form new com¬ 
pounds. If the atoms retain their original specific heats 
in all the compounds, then initial and final substances have 
the same specific heats, and all differences between the 
specific heats of the substances formed and the substances 
used up disappear. But, in the second place, the effect 
of variable concentration, that is of mass action, is absent 
in the case of solid reactions. Bodlander^ has tested the 
principle in a most patent way on the basis of the following 
considerations. It ought to req[uire the same amount of work 
to break up a substance in a saturated solution as in the solid 
state. Now, the saturated solutions of many substances are 
very dilute. Take, for example, the saturated solution jp of 
silver chloride, bromide, and iodide in water. Here the salts 
are almost exclusively present as ions. If we call the solu¬ 
bility of a salt S, meaning the number of salt mols contained 
in a litre of the saturated solution, then one litre of saturated 
silver iodide solution will contain S mols of Agl, S being very 
small. The concentrations of the two ions (Ay* and I') would 
also be S. The work required to bring the ions from the con¬ 
centration S to the concentration 1 (one mol per Litre) is 
known. The work required to bring the ions from this concen¬ 
tration 1 ipto the solid elementary condition by discharging 
them electrically (decomposition voltage) is also known. 
According, therefore, to the principle with which we started, the 
sum of these two amounts of work must be equal to the 
negative heat of formation, that is, to the heat of decomposition 
of the solid substance into its solid components. 

In other words, we ought to be able to obtain the same 
quantity of work whether we convert the solid components 
directly into the solid compound, or whether we first bring 
them (by help of a suitable reversible cell) into solution as 
ions at a concentration of 1 mol per litre, and then dilute this 
solution in a reversible way (by help of an osmotic machine) to 
the concentration these ions have in a saturated solution of 
the compound. This work, according to the principle under 
discussion, must equal the heat of reaction of the solid sub¬ 
stances, In this way, Bodlander was actually able to determine 

1 Z.f. Phys. Ohemu, 27 (18^8), 55. 





Dissocia¬ 
tion and 
vaporiza¬ 
tion are 
connected 
quantita¬ 
tively 
through 
the prin¬ 
ciple of 
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with success the solubility of many solid substances from their 
heats of formation, on the one hand, and the electromotive 
forces of suitable electrodes on the other. 

Haber and Tolloczko^ have lent further support to this 
principle by showing that the counter electromotive force of 
polarization in the electrolysis of solid, non-molten substances 
corresponds very nearly to the heat of reaction. 

If we assume the principle of “ solid'' reactions as true, we 
can compute the degree of dissociation and the constant 32 
appearing in equation (30) in the following way. We will not 
discuss the general case, but instead take some specific case of 
dissociation like— 

CaCOglitCaO + CO2 

The line of reasoning is as follows: We produce a mol of 
carbon dioxide at atmospheric pressure from the calcium carbon¬ 
ate, first at the boiling point of solid carbon dioxide, and then at 
the temperature where the dissociation pressure of the carbon 
dioxide over the mixture of burnt and unburnt lime equals one 
atmosphere. In both cases, according to our initial assumption— 

A = U-y 

We now introduce the approximate assumption that XT, that is 
the decrease in the total energy, has the same value at the two 
temperatures. We then know, from a former discussion of the 

matter (see p. 50, note 1) that ^ would have the same value in 

both cases. Now, we can very easily determine the latent heat 
g of the reaction at the boiling-point of the solid carbon 
dioxide, by resolving the reaction into a sohd reaction where 
the heat and work are identical, and a simple vaporization. 
That is, we imagine that the solid carbonate is first converted 
into solid lime and solid carbon dioxide, and then that the 
solid carbon dioxide vaporizes under atmospheric pressure 
(boiling-point = 194*8° abs.). The heat of vaporization is equal 
to the total latent heat of the reversible formation of carbon 
dioxide from the carbonate, at atmospheric pressure and 
194 8° abs. According to Favre,^ this amounts to —6257 caL 

* Anorg. Ohem,^ 41 (1904), 407. 

2 Ann. Chim. Flys., (5) 1 (1874), 260 ; Behn {Brudes Ann., 1 (1900), 270) 
finds 142*4 cal. per gi-am, from which wo get the value of 6265*6 cal. per mol. 
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(± 2 per cent, error). On the other hand, A is zero at the 
temperature where the carbon, dioxide at atmospheric pressure 
is in equilibrium with the carbonate, and hence the latent heat 
q is equal to the change of the total energy of dissociation, or 
the directly measured heat of dissociation. This amounts to 
— 42,000 cal. 

Q- 2 • 1 • -k 4.1. 6257 42,000 , 

bince ^ IS equal in both cases, ttuto = — where lx 

JL Xi/T: O jL/p 

signifies the temperature at which the pressure of carbon 
dioxide equals one atmosphere. The external work done against 
the atmosphere is neglected on the ground of our previous 
inquiry, which showed that A and TJ underwent an equal, and 
hence for our purposes immaterial, increment of ETSv'. Yet it 
should be observed that we have assumed the gas law to hold 
for carbon dioxide vapour at its boiling-point under atmospheric 
pressure, and this is certainly but a rough approximation at so 
low a temperature. 

It makes no difference what carbonate we take, provided 
only the requirement is adhered to that the specific heat of 
the carbon dioxide shall be the same at constant pressure both 
when bound to the base as a carbonate or when existing free as 
a gas. Without this assumption we could expect no agreement, 

for it is only true in this single case that ~ has theoretically 

the same value at all temperatures for any given pressure of 

6257 

carbon dioxide. The quantity the value 32*12. 

Assuming that the heat of dissociation divided by 32 equals the 
temperature T-^ at which the pressure of carbon dioxide reaches 
the value of one atmosphere, we compute the following values 
of Ta; for several carbonates :— 


i 

Heats of dies. 

Heats of diss. ^ 
82 “ 

- 2730 = 

OC. 

AgCO, . 

16,500 (?) 

518 

240 

CaCO.. 

42,000 

1312 

1089 

BaCOs. 

65,900 

1747 

1474 

Na^CO,. 

89,960 

2811 

2538 


Q 
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Bearing 

Tronton 

Knle. 


The first of these numbers agrees with the observations of 
Joulin/ who found 4 to be about 225°. The second agrees 
with the observations of Debray, who found 4 to be about 
1000°. The third agrees with the statement of Dorcrand that 
barium carbonate is decomposed at the highest heat of a gas 
oven. In regard to the fourth, Forcrand states that soda is 
extremely stable even when subjected to the very highest heat. 
Still, this is not as certain as one would infer from Forcrand's 
statement, for loss in weight certainly takes place when sodium 
carbonate is ignited. As is well known, this is the reason for 
not heating sodium carbonate to a glow in preparing it for use 
as a standard substance in acidimetry. Le Chatelier found ta, 
for calcium carbonate to be 812°, quite different from Debray's 
value. The heat of dissociation of silver carbonate is rather 
uncertain. The agreement is therefore not very pronounced, 
but depends on very interesting and instructive relationships, 
and seems natural enough. In an analogous way, Forcrand 
showed that for numerous double salts containing ammonia, 
which splits off when heated, the heat of dissociation, divided 
by the temperature at which the ammonia has a pressure of 
one atmosphere over the salt, gives the same number as does 
the heat of vaporization of solid ammonia under atmospheric 
pressure. Forcrand showed that the same held true for the 
heat of dissociation of a salt containing water of crystallization, 
and the temperature at which the water-vapour pressure from 
the salt is one atmosphere, compared with heat of vaporization 
of ice and the boiling-point of water, 
on The fact that the constant of the approximation formula 
® (30) lies so near the quotient of the heat of vaporization and 
the boiling-point of the substance appearing as a gas in the 
dissociation reaction (under atmospheric pressure), indicates that 
this constant has its source chiefly in the change in the state 
of aggregation which the substance experiences when it becomes 
gaseous. It also teaches us that the change from the solid to 
the gaseous state generally involves the consumption of some 
SO X T* cal. of heat in the most various substances; Ta; being 
the boiling-point under atmospheric pressure. 

This fact reminds us of a principle which Desprez and 
Pictet stated in an incomplete way, and which Trouton later 
1 Ann. Chim. Rhys. (4), 30 (1873), 276. 
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developed lato a rule. Accordiug to this rule, the quotient of 
the heat of vaporization (in gram calories) of homogeneous 
liquids, divided by their absolute boiling-point under atmo¬ 
spheric pressure, is likewise a constant, and equals about 21. 
Van't Hoff^ has shown that this rule finds an explanation in 
the atomistic theory of corresponding states, enunciated by Yan 
der Waals. Forcrand’s extension of the Desprez-Pictet-Trouton 
rule to the transition solid-gaseous, shows us that the relation 
of latent heat and state of aggregation possesses a still more 
general regularity, and makes it seem possible to extend Yan 
der WaaFs theory to the solid state. Perhaps, too, these facts 
serve to render the idea of entropy more comprehensible, for 
the number 32, or in the case of the Desprez-Pictet-Trouton 
rule, the number 21, is nothing but the change of entropy in¬ 
volved in the change of the state of aggregation under a 
pressure of one atmosphere. The significance of entropy in 
the simplest changes of substances is therefore patent. 


APPENDIX TO LECTUEE III. 

Nernst has recently put forward a new point of view for the cal¬ 
culation of chemical equilibria from thermal measurements.^ His Nemst’s 
starting-point is the assumption that for “solid” reactions (p. 78), 
not only does the relation ^— hypo- 

[A„] = CQo] 

hold, according to which heat and work are the same for all reactions 
at absolute zero, but also— 

[So] = 0 

This means that not only does the product TS become zero when 
T = 0, but for this class of reactions at 0° abs. the change of 
entropy itself is zero. Whether the assumption is correct or not 

1 ‘‘Vorlesungen,” 2nd edit, 1903, p. 52. Compare also Nernst, “Theo- 
retische Chemie,” 4th edit, p. 328. Numerous examples are to be found in 
both places. For other examples see Forcrand (lx,) and Traiibe, Berl, Ber.^ 

31 (1898), p. 1562. Forcrand’s objections to Van’t HoflTs views do not seem 
to me grave ones. 

2 “ Gottinger Nachrichten,” 1906. Also Nernst, “ Thermodynamics and 
Chemistry” (Ohas. Scribner’s Sons, New York, 1907). 

3 All terms applying to solid reactions may be put in square brackets. 
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caa be determined solely by experiment. Since, however, direct 
observations are not possible at or near the absolute zero point, the 
deductions for higher temperatures which follow from this idea must 
be tested. Now, no single deduction of this nature can be reached 
without the help of new hypotheses, so that if a deviation occurs the 
subsequent hypotheses may be incorrect, and not Nernst’s assumption. 
Conversely, if experiment should seem to confirm the assumption, it 
still remains unproved, for inexactness of the assumption and of the 
auxiliary hypotheses may compensate one another. Since, however, 
Nernst’s fundamental hypothesis ^ is a very simple one, it appears 
allowable to accept it as a working hypothesis. A more detailed 
discussion will be given in the latter part of this appendix. 

If we apply Helmholtz’s equation to “ solid ” reactions— 


and put— 


[A] = [Q] + tM 
CQ] = [Qo] + [<r']T + [c/']T^ . 


( 1 ) 


Nernst^s 
own way 
of ex¬ 
pressing 
the hypo¬ 
thesis. 


1 Nernst expresses it somewhat differently. He puts— 



Now, [Q] denotes, accoi*ding to Nernst, heat put in, while we define it as 
heat given out. Therefore, in our notation— 


Now— 


and therefore— 




0 


<^[A] _ r.. 
- - [S] 



[So] 


On the other hand, it follows from— 


that— 


and— 


[Qi] = [Qo] + [<r']T + [<r"]T!i 
-|i^ = M+2[/']T 


Therefore— 

[So] = [^'1 

and from the later explanations in the text— 


[So] = 0 = [.r'J 
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we obtain, according to the explanations in Lectures IL and III.— 

[A] = [Qo] - [o-']TlnT! - [tr"]P + [constJT . (2) 

The specific heats are those obtained by heating the solid substances 
without production of work—that is to say, by heating in a vacuum. 
The usual values of specific heats of solids detennined at the constant 
pressure of 1 atmosphere are not sensibly different from those in a 
vacuum, and may be taken in their stead. Equation ( 2 ), therefore, is 
identical with that which we obtained directly from Helmholtz’s 
deductions (p. 50)— 

[A] = [Qo] - [(t'ITM - [<r"]T^ + ([cr'] + 2[cr"] « [SJ)T (2^) 
HGuce 

[cr'] + 2 [cr"] ^ [SJ = [const.] .... (B) 
Substituting in ( 2 )— 

[Qo] = [Qt] - MT - KJT^ 

we get— 

[At] = [Qt] “ [cr']T(l + hiT) - 2[(r"]T2 + [const.]T (25) 
Now, observing that— 

[^t ] [Qt] _ — [S] 

we obtain— 

[S] = [o*'](l + M) + 2 [o-"]T + [const.] 

Hence, if T = 0 — 

[So] = [<r'](l + InO) 4 * 2 [<r "]0 4 * [const.] 

If [So] is to be zero, then in the first place [o*'] must also be zero, 
for, since InO equals — oc, the product [a-'](l 4 - InO) would be — cjc 
for every finite value of [a-']. Further, for [So] = 0 the constant 
must also be zero. 

If we take [o*'] = 0, it is the same as saying that at the absolute 
zero point the hypothesis of Neumann and Kopp holds good, the sum 
of the atomic heats being exactly equal to the molecular heat. 

Then it follows from (3) that— 

0 = 0 + 2 [(r"] - [S,] 

[SJ = 2[<r"] . . . 

[AJ = [Q.] - . 


hence— 

and from (2a )— 


• (O 
■ ( 2 «) 
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and from (1)— 


[Qt] = CQo] + [cr"JT^ 


. ill) 


According to Nernst these exceedingly simple equations hold good 
for solid reactions, though of course he does not disregard the fact that 
higher terms with or may he of influence. If, for example— 

[Qt] = [Qo] + 

then— 

[AJ = [Qo] - [^"]T^ - 0-5[cr-]T^ ~ 0-33[or-]T^ 

Because of our insulflcient knowledge of such higher terms as [or"']T'^ 
and [o-""]T^ the question whether [o-'] equals zero is very difficult to 
decide experimentally. 

Now, the connection with gas reactions appears from the following 
considerations. Let the vapours he in a state of equilibrium with 
the solid substances from which they are derived. Taking as an 
example the reaction— 

2H2 + 02:i!:2H20 


let us imagine a reversible isothermal cycle with this system, 
whereby, during the first step, 2 mols Hq and 1 mol 0.^ are vaporized ; 
in the second, 2 mols of water-vapour are formed out of these 3 mols ; 
in the third, these 2 mols of vapour are condensed to ice; finally, the 
2 mols ice are decomposed into solid oxygen and solid hydrogen. 

Then, if we write values which refer to vaporization in round 
brackets, and values which refer to gas reactions without brackets— 

4-2(Ah- 2) -f- (A 02 ) 4* At — 2(Ah2o) ““ [At] = 0 

and— 

[At] = At - 2v'(A).(5) 

If, now, the equation for [At], that is— 

[At] = [Qo] - .(2^) 

be true, and if the thermodynamically indeterminate constant in this 
equation is 0, as Nemst suggests, we can calculate the value of this 
constant in the equation— 

At = Qo - (y'pTlnT - - ETVkj?' + const. T (G) 

provided we know the value S/(A) completely. 

Let us put, according to p. 77— 


2(Ah2) — 0 — 2(Qo(H2)) "" — 2(0- (H2))T^ 

+ 2y(]j2)T 
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for the work of vaporization ^ of 2 mols solid hydrogen under the 
equilibrium pressure and similarly for 1 mol Oo— 

(Ao^>) = 0 = (Qo( 02)) ““ (<^i;(02))T/?2'T ~ (a + 7(02)T 

and for 2 mols HgO— 

2(Ah2o) = 0 = 2(Qo(H 20)) ““ 2(cr^(jj20))TZ/^T — 2(o' (H20))T^ 

— 2 Rd "f* 2y(H20)T 

then we obtain on summation— 

— %V(JC) = 2(Qq(H 2)) + (QoCOo)) 2 (Qo(H20)) 

- {(2orV) + C^''o.) -- 

4- UThi- X «<-'ff . 

P>n{Oi)!Pm{Ko) 

+ (27(H2) + 7(02) — 27 (H 20 ))T 

Instead of this, we can put — 

- Sv'(A) = -2v'(Qo) + %v(<y’,)ThiT + + RTVZ/^/,, 


-VyT .(7) 

Now it may readily be seen that— 

~2v'K)=M-< .(8) 

or since, on Nernst’s assumption— 

[^] = 

therefore— (0) 

Further— 

-Sv'K) =[(/']- a" .... (10) 


If we replace [AJ by its value in (2^) and At by (6), then (5) 
becomes— 

- V(A) = [Qo] - [a"]T2 ~ Qo 4- a',TUT + 

+ RTSv7??y^ — const, x T 

or from (9) and (10)— 

-Sv'(A) = -Si^'(Qo) + 2v'((r;)T/nT 4- V(<t")T2 

4- RTXvlnp,^ - const. T ... (11) 

and from (7) and (11) 

const. = S^'y.(12) 

^ The letter 7 stands for the thermodynamically indeterminate constant of 
the vaporization process. 
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The relation [Qo] — Qo = -SvXQo) ^se of in 

this derivation. It is readily obtained when the cycle is imagined 
to be carried out at the absolute zero, and the heats given out are 
summed up. This sum must be zero, as in every reversible isothermal 
cycle. 

The thermodynamically indeterminate gas-reaction constant is 
therefore found to be the sum of the vaporization-constants y of the 
gases concerned. 

Nernst defines his values somewhat differently. According to 
him, the value which we call y is -f ZwR). Our value 
which represents the difference between the specific heat of 1 mol in 
the solid state at 0° abs. and the specific heat of the same mol in the 
gaseous state at 0° abs. and constant pressure, i,e .— 

~ “ ClX.(ga8) 

does not appear in Nernst’s equations. He puts for the value 

a 4- E, and for 0%,/,^) the symbol a^, thus — 

“ = R + a — Uq 

Similarly, according to Nernst’s notation— 

- ((t") = ^ - ^0 

Lastly, he uses — instead of our symbol Qq. 

In the course of his work Nernst defines another constant 0— 

2*8020 = (Z + ?wE).(18) 

Our value y is accordingly given by the expression— 

7 = 4*5710.(14) 

(The value 4*571 is employed for EZ^IO. Nernst prefers this value 
to the value 4’5C used in this book.) 

The validity of Nernst’s deduction depends entirely upon our 
decision whether or not we can employ the expression— 

0 = (Qo) - ~ (OT2 - ET/^j^ . (15) 

for the Vaporization of a solid. As was shown on p. 76, this 
formula is derived from that of Olapeyron and Olausius, which holds 
in all cases, when— 

(a) the saturated vapour obeys the laws of perfect gases, and 
(5) the volume of a mol iu the solid or liquid state is practically 
vanishingly small compared with that of a mol of the saturated 
vapour. 
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Now^, it is a well-known fact fcliafc both, these suppositions are nofc 
in general fulfilled by saturated vapours. Conseqaently the author has 
in the Third Lecture used formula (15) with great care. Nernst now 
puts forward the very interesting proposition that formula (15) also 
holds when both suppositions are bub very imperfectly realized. He 
establishes his theory so that he puts forward the empirical relation— 

= .... (16) 

for the relation of the molecular volume in the gaseous state and 
Vf, in the liquid state to the vapour pressure 2'>m and the temperature 
T of vaporization. 

Pk denotes the critical pressure. 

On the other hand, he gives the expression— 

(QT) = !(Qo)-8-f>T + (OT^}(l-^^") . . (17) 

for the heat set free during vaporization (negative heat of vapori¬ 
zation). When both these equations hold, then the expression of 
Clapeyron and Clausius— 

= .... (18) 

becomes converted into formula (15) without the necessity of using 
the law pv = RT. Then by introducing (IG) and (17) in equation 
(18) we obtain— 

-(Q„)+3-5T-(cr'')T= = |^-xf^- . . (19) 

But the integral of (19) is identical with (15) when we admit that— 

(erg = -3*5 

We obtain from (16) the general gas equation for perfect gases when 
p^ becomes very small compared with the critical pressure, and Vi, 
consequently, very small in comparison with the gas volume At 

the critical pressure itself, where then RT 1 —^ 

becomes zero. As far as the relations at those temperatures where 
is a considerable fraction of p^ are concerned, Hernst shows 
that for benzene fluoride, which Young has studied with special 

accuracy, the deviations of the expression R (l —— } from the 
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observed value 


V 


{Va - ^’0 

T 


amount to only one to two per cent, of 


the whole, the temperatures being 0*66 to 0*84 times the critical 
temperature (550*6° abs.). For higher temperatures the agreement 
is much worse, for lower temperatures even better. Nernst tests 
equation (17) on ammonia (critical temperature 404° absolute), and 
finds at 313° absolute, i.e, at 0*77Tx;, a deviation of 2*7 per cent., 
which becomes greater at higher temperatures and vanishes at 
decreasing temperatures. 

hTo more examples are given. In both cases which have been 
considered, the vapour pressures which correspond to the temperatures 
of 0*84T;i. for benzene fluoride and 0*77T;i; for ammonia are 13 and 151- 
atmos. respectively. Above 20 atmos. the formulse are thus in both 
cases insufficient. But if it should be found that saturated vapours of 
all substances up to 20 atmos. obey with equally good approximation 
(16) and (17), whose introduction into (18) gives formula (15), then 
an important advance has been made. According to the inter¬ 
pretation of the author, this is a cardinal point of Nernst’s theory. 

Equation (17) contains the idea that the value (a),) is — 3*5 for 
all substances. This means that the specific heats of all gases at 
absolute zero exceed those of their condensation products by 3*5, 
whilst, as is well known, the specific heat of saturated vapours is 
usually less than that of their condensation products. Nernst 
characterizes this as a preliminary assumption, the proof of which 
is wanting. It seems that up to now only Dewar ^ has determined 
the specific heat of gases in the solid state at very low temperatures. 
He found the specific heats of— 


CO, 


SO 2 

-130° 

-145° 

-143° 0. 

9*68 

8*5 

14-7 


The specific heats of these substances in the gaseous state at the 
same temperature are probably smaller. 

The value (a') which occurs in equation (17) is deduced by Nernst 
in the following manner. Let T in (17) be a temperature for which 

is only a small fraction of then the terms 3*5T^- and 

Ph 

(cr")T2^ are so small that they may be neglected, and (17) can be 

PT6 

written— 


I 



^ Chemical News, 92 (1905). 
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(Qx) = (Qo) - 3-5T + (<7")T“ - (Q„)^ 

On differentiating with respect to T, we obtain— 


= -3-5 + 2(a-")T - X 




Now, the last term on the right-hand side is small, and in order to 
obtain an approximation, we may replace which is equal to 


according to (18), by 

for Va — 


V 


a 


-(Qx) . 
ET 

Pm 


or, using the gas equation 


^Pm __ _ (Qx^^m 

dT ~ "'R'p- 


wlience it follows that— 


^ = - 3-5 -f 2(a'')T + X ^ . (20) 

If (Qi) and are known for any temperature T, as Avell as^„ 

and the critical pressure the values of (or") and (Qo) can be obtained 
with the aid of both equations (17) and (20). When (Qo) and (<r") 
have been found in this manner, y can be easily calculated from 
formula (15). The reliability of this y value, to be sure, depends 
entirely upon whether the value —3*5 for (o-'^p) can be accepted 
as correct. 

Nernst still further extends the hypothesis based on this assump¬ 
tion regarding relationship at the absolute zero. He concludes, with 
the help of the kinetic theory of gases, that the monatomic gases show 
at all temperatures the same ratio of the specific heats at constant 
pressure and constant volume,namely 1*66. Therefore the.value of 
their molecular heats at constant pressure and absolute zero is the 
same as at all other temperatures, namely 5*0. Now, since he puts 
(or'p) = —8*5, the molecular heat of a monatomic substance in the 
solid state at absolute zero must be 1*5, because— 


and— 
therefore— 


C°(solI(l) “■ C° 2 )(ga 8 ) — (o’p) — —3*5 
= 5 

0°(goHd) = 5 “ 3*5 = 1*5 
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But if all monatomic substances at 0° (abs.) have the specific heat 
1-5, it then follows from the previous supposition, according to which 
Kopp’s law’ holds for all solid substances at T = 0, that the molecular 
heat of an ? 2 -atomic solid substance (T = 0) is ^— 

n X 1*5 

and it follows that the molecular heat of an ?^-atomic gas at the 
absolute zero and under constant pressure is— 

8*5 + ^ X 1*5 

Accordingly, for example, the specific heat of a diatomic gas such as 
O 2 and Ha at constant pressure and T = 0 would be— 

8-5 + 2 X 1*5 = 6*5 

and for a triatomic gas, e.g. water-vapour— 

3'5 + 8 X 1*5 = 8-0 

The results of this conception are veiy wide-reaching. If the true 
specific heat of a gas at any temperature and constant pressure has 
been measured, we can deduce the mean specific heat of the gas 
between 0® abs. and any temperature which we please with the aid of 
the value— 

0°^ == 8-5+n X 1*5 

assuming that the mean specific heat is a linear function of the 
temperature— 

(8*5 + nx 1*5) + bT 

Hereby, however, one meets deviations from experiment either due 
to the fact that the expression— 

= 3*5 + n X 1*5 

is not exact, or to the fact that the specific heat is not a linear 
function of the temperature. On the other hand, we can obtain 
values j9/(o’") from equations (20) and (17), and, knowing the specific 
heats of the saturated vapours, we can deduce the specific heats of 
the condensation products. For the same reasons we should also 
expect to find deviations in this case, the extent of which could 
only be determined after more accurate investigation. 

Now, the points of view which have been developed are not 

^ For views and experimental facts concerning the specific heats of solids 
at very low temperature, sec Yan’t Hoff, Vorlesungen iller theoretische und 
^physiMlische Cfhemie, 1899, vol. iii. § 4,5; and Forch and Nordmeyer, Drade’s 
Ann., 20 (1906), 426. 



APPENDIX 7V LECTURE III 


93 


sufBcieEfcj even presnppoRin^ their coiTectness, for the calculation of 
y in the ciMies wliicli are of inost importance. It is precisely those 
gases which eliiefiy take part in actual gas reactions, the so-called 
pcnnaiieiit gases, whose critical points lie bo low that up to the present 

suflieieiit experimental hifonnation regarding (Qt)j and 

has not been gathered for us to mlculate (Q„) and and those 
are efintmtial, iMxmrding to forinuhe (17) and (20), to determine y in 
foruiiila (la), llie whole decluction can only be serviceable for 
the numerical evaluation of the thermodynamically indeterminate 
constants when a further relation is found, which will render y acces- 
gihle in this <me also. The method which Nernst adopts for this 
purfKMie i« a very interesting one. It Ib gcmerally acknowledged that 
the vaiK>nr pressure at a temi>eratur6 T could be calculated from 
the critical «liita T* and in an identical way for all substances 
provided we {Kwessed a sufficiently exact characteristic equation of 
the state of univemil applicability. The characteristic equation of 
Van der Waals— 

(?' + ^|)0-J) = KT 

iH not sufficiently exact, and a non-arfiitrary deduction from a 
theorctioil consideration of a more exact oxjiroHsion is not possible. 
Under those circamstances we must have recourse to empirical 
approximations. 

We shall, however, simply suppose that an exact formula does 
exist, which would take theoretically the form— 



Hcrcy/* denotes the critical pressure, and T* the critical temperature, 
/ a function whoso exact nature is unkuowu, as explained above. 

I were known, we could express in terms ofy(-^*^ and 

But now, with the aid of (lo), M's can, according to Nernst, 
csilculatc p„, at least for values of T which do not lie too near 
the criti 0 il temperature. This means that the equations (21) atid 
(Ifi) would give the same values of Uonsapiently the values 
^ (Q«X Wr)-< {"")t which determine the value of in 

(1.0), would 1x5 connected with jh and/^'j^*') iu such a way that they 

^ could he expra^ed by them. For this fictitious case y could also be 

calculated from the critical constants. 
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IS'ow, Van der Waals has incidentally proposed— 

. 

as an empirical approximation, a denotes a constant. If we assume 
this approximation as sufficiently exact, then y can be calculated 
from and Rj, according to (22) and (15). This is Nernsb’s 

interpretation. He puts— 


Via = C 

or (rounding off slightly)— 


y 

4-571 


y = ha 


This simple numerical relation between a and y is, however, not 
directly capable of proof, because the formulae (15) and (22) cannot be 
brought into entire agreement. This is readily seen on transforming 
(22) into— 

T 

Jnp^ = -2-302«'^' + 2-302(r^ + log^;^) 
or written otherwise into— 


0 = -4*571 xa xlj,- ET/?zj?,^ +• 4-57l(f^ + log j 4 )T 

If w-e now compare this with (15) we come to the conclusion that, 
were (cr\) and (cr") zero,^.e. if the vaporization heat were independent 
of the temperature, (Qo) would have the value — 4*571 x X T*, 
and y the value 4*571(^if + logj^^). Then the two expressions would 
be the same. But experimentally the values (a^,) and (cr") are not 
zero, and any comparison at all of (15) and (22) is difficult, since (15) 
agrees better with experiment the farther we are below the critical 
temperature, while (22) is most accurate in the immediate neighbour¬ 
hood of the critical temperature. 

The relation of (15) to (22) becomes still clearer after another 
algebraic transformation. If we refer (15) to the critical point, 
thus— 

0 = (Qo) — (o-y^)T;fcZ^T;i, — (o' “h yTx: (15^15) 

and subtract (15) from (15a), after dividing these expressions by 
ET and ET;^. respectively, it follows that— 



\ (^ 

'4-571TAT J R 



If we put— 


(Qo) = -4*571aT, 
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then the expression becomes— 

log a . log i - Mt (1 - 0 

But this is identical with (22) only when (cr'^) and (cr") are zero. 

Still, an approximate agreement is at least conceivable when 

the terms log ^ and ^^^^^’^1 — have nearly the same 

value, but opposite signs. It is then to be observed that (cr'^) and 
(cr") either cannot in the least depend on the nature of the sub¬ 
stance, or if they do so, they must be functions of T*, and a 
which have the same form for all substances. Nernst now puts 
(a'^) = —3*5 tentatively for all substances, as has been formerly 
mentioned, and also— 

cr"T, ^ 

E “■2-3G 


and finds from the resulting formula— 

^ “(t‘ “ 0 T- “ 2^0 “ aO • 

approximately the same values for log as from (22) when a in (23) 

Pm 

is chosen only slightly different from a in (22). 

Now, the values of a in general are somewhat uncertain. Accord¬ 
ing to Van der Waals, who brings forward much direct and indirect 
evidence in favour of his view, a should have the same value, 
namely 8, for all substances. Eamsay^ and Guye and Mallet^ 
share in this view when polymerization does not interfere. 

Nernst represents the results of observation graphically, log 

Pm 

being taken as ordinate, and as abscissa. But he does 

not obtain by any means the same line for all substances. He finds, 
on the contrary, that a is larger for higher molecular weight or for 
a greater number of atoms in the molecule than for smaller molecular 
weight or a smaller number of atoms in the molecule. The values of 
a vary from about 2 to 4, and therefore lie around 3, the value which 
Van der Waals thinks ought to apply. But it is further to be observed 
that the lines for one and the same substance are not straight, 
but are a little curved, so that formula (22) is by no means an exact 

1 Zeitschrift f, physic. cJiem.y 15 (1894), 106. 

^ Archive des sciences physiques et naturelleSj Oeneue, (IV.) 13 (1902), 66. 
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expression of the facts.’ Under these circunistanccs Nernst makes 
use of the following expedient. He calculatea a from (-'-i) for tem¬ 
peratures between 0-8Tj and 0-71T*, where this formula iigrces com¬ 
paratively well with experiment. On the other hand, he citiciilates y 
(that is to say, his constant C, which corresiKinds to our y) from 
(15) in the way previously described, and ol)tainH in this mamitfr 
the relation y = 5fl, which he accepts as valid in all caaes. 'I’lio 
exact details of this calculation have not yet been communicated. 
The following table for various values of U contains the results. 
The author has placed the values of y beside corresponding values 
of C. 


Numerical 
values of 
the 

thermo¬ 
dynamical 
indeter¬ 
minate 
constants 
of vapori¬ 
zation 
processes. 



2*2 

10*0 

(JO 3 

1 3*2 ' 

14*6 

CII^ 

2*5 

11*4 

CS. 

Nf4 1 

1 3*1 

. 14 2 

Nj 

2*6 

11*9 

3*3 i 

1 15*1 

0, 

2*8 

12*8 

lip i 

3*7 1 

: 1(111 

c(5 

3*G 

ir»*5 

(‘CL 1 

CHci 1 

M S 

I4'2 

CIj 

3*0 

13-7 

3*2 1 

Mil 

L 

4*0 

18-3 


3*1 ; 

14*2 

H& 

3-0 

13*7 

appii i 

4*1 1 

im 

NO 

about 3*7 

16*0 

CJI,€K,Uf, ^ 
(.ftigCOCIIg 1 

3*3 ^ 

lift 

N,0 

33 

15*1 

3*7 

llHi 

HjS 

SO, 

3-0 

3*3 

13*7 

15*1 

CHgCJOCa^Hi ^ 

m 

17*4 


Compari- If we HOW Consider the relation of Nenist’s mterprctiitioii lo tliiti 
Nornst’s Second Lecture, the following may be iiotoi 

views with The hypothesis (for solid reactions) that 
those ox- _ 

plained in L^oJ ~ 

^ P™® importance. If in a system of rectangular co-ordi«Bt« we 

plot T as abscissas and [A] and [Q] as ordinat<», wc obUiiti two lines, 
according to Nernst’s equations (2c) and (I&), which convcigo at the 
value [Ao] = [Qt,], without intersecting. It is important to olsem 
that the directions of both carves become more nearly jwndlol to the 
axis of abscissae the nearer we approach the absolute a>ro. Howover, 
if we take for [A] equation (2), and for [Q] equation (1), wliere {o'] la 
not zero, we then obtain two lines, which at higher ten>])eraturiii run 
similarly to those in the case above, and also meet one another at 
the absolute zero. Bat they show a difference in the neighbourhood 

1 Happel (Drude’i Ann. d. Ehysik, 13 (1904), 840) finds, t(»o, that « is 
dependent upon the temperature. H. v. Jflptner (ZeUmshr. /. phyrik. Vhemk, 
55 (1906)) comes to the same coDcIudoa. 
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of the absolute zero. The curve for [A] intersects the curve for 
[Q] very near the absolute zero, then bends and meets the curve for 
[Q] at the absolute zero itself. In the former case the angle of 
inclination of the two curves at the meeting-point, T = 0, is zero ; 
in the latter case it is about 90°. That is to say— 



and 

Nernst’s fuither supposition regarding the specific heat of gases 
renders it necessary that the difference of the specific heats at the 
absolute zero ((/^ or be zero in all those gas reactions where the 
number of substances which are formed is eq[ual to the number of 
those which disappear. Now, since the size of the degree interval 
of the thermometer scale has no effect upon the thermodynamically 
indeterminate constants of gas reactions except in those reactions where 
(t\ does not differ from zero, we can no longer retain the deduction 
developed on p. 45 if we accept Nernst’s hypothesis. The idea of 
the influence of the degree interval is based on the evidence produced 
by Th. W. Eichards and Tan’t Hoff that the thermodynamically 
indeterminate constant becomes zero when the appearing and dis¬ 
appearing substances possess the same specific heat. This proof does 
not appear to be conclusive in the light of Nernst’s interpretation. 

If we return to the usual approximation (p. C6) formerly 
made in theoretical physics, according to which the assumption of 
Buff and Clausius holds, and the heat of gas reactions at constant 
volume is independent of the temperature, then the reaction energy 
of gas reactions may be written (see p. 69)— 

A = Qo 4- ETSvV/^T - + const. T 

When the number of disappearing mols exceeds the number of 
those formed by 1, then— 

A = Qo — RTM — KH'^v'lnp' + const. T . (24) 

Nernst’s expression, on the contrary, is as follows :— 

A = Qo - 3*5TkT - (r"T-^ - ETSv - VyT 

Now, since cr" is small, but generally not sufficiently well known, 
Nernst recommends the following approximation ;— 

A = Qo - 3*5TM - ET3v7i^/ - S/yT 
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This means that the constant of the fomula (2-1) is approximately— 
const. = —Sv'y — 

The calculations of former physicists can in this way Ikj conveniently 
compared with those of Nernst. The theoretical basis, however, is 
quite different, because Nemst’s approximation does not agree with 
the assumption of Buff and Clausius- 

The cardinal point of Nernst’s theory lies in the hypothesis that 
the vapour-pressure curve can be represented by— 

0 = (Q„) - (OTinT - (a")T» - RTlnp„ -1- yT . (lo) 

although the saturated vapours do not obey the gas law, which is 
all that has been used till now in deriving this formula from 
the strictly valid formula of Olapeyrou and Clausius. I ho vajKiri- 
zation constant y, and further the thermodynamiimlly indctenniimte 
constant for gas reactions, can only be deduced with the help rtf this 
hypothesis from the vaporization constants of each of the jwticijHiting 
gases. The starting-point of this is the empirical formula— 

= • (1«) 


On differentiating formula (15), we obtain— 

T ^ _ -(Qo) _ w _ «n: 

Rf ■ li li • • 




But according to Clausius and Clapeyron (sec (W), p. H!))— 

= T dp„ 

(k - P» dT 

From this it follows, if (15) and consequently (15«) are correct - 

(Qx) _Qo.(4),K)T 

0;7::-i;,)p„-lT^ R'^ R. 

On applying formula (16), it follows that— 


(Qx) = {(Q.)-l-(«/,)T + (</')T»;(i- ^;) . (25) 


If these empirical expressions (16) and (25) are further confirmed l>y 
experiment, an important perfe^ion of our knowledge regarding 
the vaponr-pressnre curve has been attained. 

The vaporization constant y takes ns back finally to the statements 
of Trouton and Forcrand. 

Nernst puts forward the same formula which is g^ven as 
formula (30a) ou p. 77 of this book. But he dio« not aMme 
that the terms containing (cq,) and (</) compensate one miother, 
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giving zm); aceorcling to him, the constant of thin expro.'^sion, thero- 
fiirc, docs not Iiccome iibont Jio. He puts — :pr> for (cr'^), according 
to Ill's former hyimthesis. Farther, he puts for numlmr 

ohUiiiied from the observations of the specific heats of gases, and for 
the c*ofi8fcanfc he piitn his y value according to the table given above, 
biiscifi on bis hy|K^the«i« regarding tlie values at the absolute zero. 
In t!ii« wiij lie actually obbdns^ for example, for the ammonia com- 

poimdH of the metallic salts the observed value of SB for He then 

200 

[>ut8 Kcnunilljr, neglecting terms with o-" and the factor — _ ’ 

\\hercHignifies tlio teraperaturo at which the vapour pressure 
is wnuU to I utmosphero— 

_ Ji'"*" = 8T,/ftT -H y 

•A » si 

iw an approximation fonnnla. Since the values of y, according 
to the table, lie in the neighbourhood of 18-7, it follows that 

-JjJ"''*"' equals— 

2!»-7forT= lOO 

nsffi „ = aoo 

;{r»-3 „ = 500 

5(7*7 „ = 1000 

Acmrding to Le Chatolier and Forcrand, as has been pointed out 
earlier in this work, the values found are about 32, with variations 
of ±7. 

Thus tlie nuotioiit - -■ does not appear to be constant, 

but has different values according to tlie temporaturos for which 
//,„ “ I, and also according to the y value of the substance. The 
si’unc applies to those analogous (luotients from the heats of vaporiza¬ 
tion find absolute boiling-points at atmospheric pressure, the constancy 
of which lias been maintained by Dosprez, Pictet, and Trouton. 

Tlio application of Ncrast’s hypothesis to the gas reactions leads 
finally to the following numerical expressions, which satisfy the 
meMarements airried out on the gas equilibria concerned 
(«) Ha-f IlaO + A 

A » 57,81)0 - r75TteT - 0-0008T’ - 
-f- 0-4f»T 

q = 57,800 -f 1*75T + 0*0OO8T“ 
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(h) CO + JO^^CO^ + A 
A = C7,G50 - rZSmT + O-OOloT^ - 
- 8-2T 

Q = G7,650 + 1-75T - O'OOloT^ 


(c) iN,+ iO.:itNO + A 


- 

'RTln - 




Rl, X Ph 


A = 21,GOO - 0-0002T2 
Q = 21,600 + 0-0002T" 

{d) iHj + iCla^HOl+A 
A^ 

Q = 22,000 


+ AGT 


28,000-ET(»^?«^+l'8T 


It is here assumed that the heat of formation of hydrochloric acid 
gas does not sensibly alter with the temperature. This assumption 
is certainly not in harmony with the observations on the specific 
heats of the gases. Nernst, however, assumes that the value for the 
specific heat of chlorine is influenced by deviations of this gas from 
the gas laws. The thermodynamically indeterminate constants of 
these equations follow for those four cases from the former table as 
follows^:— 

(^0 Thso “ yii2 ~ hyo2 = 1(5*9 - 10 - 6*4 = 0*5 

(^) rc 02 - rco - ho, = 14*6 - 16*5 - 6*4 = -8*8 

(0 7no — iyoo - = about 16*9 — G*4 — 5*05 = about 4*55 

{d) ynci- irci.-” hn] = 13*7 - 6*85 -- 5 = 1*85 

The values of the thermodynamically indeterminate constant 
satisfy in all four cases the measurements which have been carried out 
on the gas equilibria concerned with perfect exactness. Since the y 
values have been obtained from the values of a in an approximate 
manner (by multiplication with 5), and the values of a themselves are, 
as Nernst emphasizes, uncertain to some extent, considerably different 
values of the thermodynamically indeterminate constant would not 
necessarily contradict Nemst’s calculations. 

As a final example Nemst gives— 

W P. + fH^i^NHa + A 
A = 12,000 - 3-mnT - RTln-r^j- - 11-9 
Q = 12,000 + 8-5T 


1 Small differences in the foregoing and following values arise only from 
rounding off in the calculations of 7 from 0, as given m the above table. 



APPENDIX TO LECTURE III 


lOI 


This expression only claims approximate validity on account of the 
omission of o-". It givesthe dissociation of ammonia at 898° abs. 
the-value which has been experimentally found at 1293° abs. It 
would be very interesting to determine whether the thermodynamical 
indeterminate constants, which in this way result from the y values, 
satisfy the observations on other gas reactions. 

It is certain that Nernst’s system is the most interesting and 
comprehensive in this field. 



rOUETH LECTUEE 


General 

observa¬ 

tion. 


EXAMPLES OF EBACTIONS ’WHICH PBOCEKD WITHOUT A CHANfiK 
IN THE NUMBEE OF M0LECULE8 

We will now undertake to apply the rclationshipH we have just 
deduced to a few examples. Wo must, however, preface our 
remarks by an observation of a general nature. 

All the reactions to be considered are rovei’sible. We may 
therefore write them as though proceeding in both din'Ctioim. 
As, for instance— 

H2+Ol2=2HCl.(1) 

or 2HC1 = H 2 +Cl 2 .(2; 

Whether we get a positive or negative value for tlm heat 
of reaction depends on which direction we ohonHc. Our 
definition of the equilibrium constant also depends uj*rm Ihi.-i 
same choice. We can, for instance, in the case just cited, 
consider either— 

_Cit j X C'cia 

"Chj X Ocij C^iot 

as the equilibrium constant. The former corresponds to 
equation (1), the latter to equation (2). Our choifH' horn is 
entirely free, and we find no fixed usage in the literature. I 
shaE therefore choose, once for all, the forTnalion reaction as a 
starting-point—that is, in the ease just considered, the waetioit 
represented by equation (1). 

On this scheme the compounds always appear in tibe numerator 
of the equilibrium constant, and the componentn in the denomi¬ 
nator. The heats of reaction are thus always heats of formation, 
and not heats of decomposition. A further simple couHe({uenee 
of this is that large values of the equilibrium constant always 
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indicate very complete combination, small values far-reaching 
decomposition. 

We have a further choice in the number of molecules we 
take. Thus, the eq^uation for the formation of hydrochloric acid 
may be written either as— 

H 2 + CI 2 = 2HC1 
or ^2 + ^012 = HOI 

In the former case the heat of formation is that of two mols 
of hydrochloric acid, in the latter of but a single one. The 
equilibrium constant in the first case would be— 


in the latter— 


C^HCl 

Ch 2 X Ccig 
Onci 

Cij X 


Both are equally admissible.^ I prefer the second, because 
the equilibrium constants thereby acquire convenient values. 
I believe that tins advantage should not be underestimated. 
In many instances, such as in the formation of sulphur trioxide, 
one can see at a glance many useful relationships, provided 
the equilibrium constants have low and convenient values.^ 

Since we are only considering cases where the reaction 
proceeds without a change in the number of molecules, it is 
immaterial whether we use concentrations, per cents, by volume, 
or partial pressures in our calculations. Further, it is more 
probable here than elsewhere that the thermodynamically 
indeterminate constant which we discussed in our Second and 
Third Lectures would be zero. 

The differences of the specific heats of the appearing and 
disappearing gases are here the same at constant volume as at 

1 In the first instance the eq^uilibriuin constant is simply the quotient of 
the velocity constants of the formation and decomposition reactions; in the 
second, it is the square root of this quotient. The pedagogic advantage secured 
in the first instance for the comparative treatment of velocity and equilibriuni 
constants does not seem to me very important. As far as the computation is 
concerned, the roots can be very conveniently handled by means of the tables 
given in the five-place logarithm tables of F. Gauss (Halle, 1905). 

2 In this connection see the statements in Lunge, Sodaindustrie,” 3rd edit., 
vol. i- p. 950, where the equilibrium constants for the sulphur trioxide process 
at 515° and 465° are given in numbers which le between 10 and 100 niillions. 
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Classifi¬ 
cation of 
the cases 
concerned. 


Case I 
Formation 
of NO. 


constant pressure. The quantities a'p and <r„ are theiethro 
identical, and the indices may bo omitted. 

We will consider three cases under this h(«id -- 

(1) The formation of nitric oxide fnun the elements. 

(2) The formation of hydrochloric, hydrohronde, and 

hydriodic acid gas from the olemfints. 

(3) The water-gas reaction. 

The first and especially the third ctasos an; of markeil 
technical interest. We must, however, iKwtiHino any consiilera- 
tion of them from this point of view until the final lecture. 

As far as specific heats are concerned, wo may divide the 
gases taking part in these reactions into two clussiis. Oxygen, 
nitrogen, and nitric oxide have uoaily identical simcific hmts at 
ordinary temperatures, and they all increase hut .slowly with 
rising temperature. The triatomic gases, carlxm dioxide, ami 
water-vapour, on the other hand, have Hi»ocific heats ilifToring 
considerably from each other, and even more from that of the 
diatomic gases. ISfot only is this true at ordinary temjMjratiirM, 
hut their specific heats increase much more rapidly with the 
temperature than do the specific heats of the above diatomic 
gases. The hydrogen halides are very like tlio other diatomic 
gases in this respect, though the halogens thomselvas Iwdong 
rather to the class of carbon dioxide and steam. 

JTemst^ has determined accurately for two temiwrafures, 
and approximately for two others, the equilibrium eouditMais 
governing the combustion of air to nitric oxide. He gives the 
following composition of the gaseous mixtures at the four 
temperatures:— 


T 

%N, 

%0. 

%NO 

Psa 

! ' 1 

j 


78-92 

20-72 

0-37] 

0*0091 i 

-2*o:i*o 1 

2033 

78-78 

20-58 

0-04 

0*0159 

-I *799 j 

2195 

78-61 

20-42 

! 0-97 

: 0*0242 

-I'filO 

[3200 

76-6 

18-4 

1 

6-0] 

: 0*1 BSl ^ 

-d-HTlI 5 




The ratio, representing the efinilibriim eonitent 


^ “Q-fittinger Naetmchteii ’’ (1904), p. 2iL 
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K, the Briggsian logarithm of this quantity, and finally the 

product which recurs so often in these com- 

X ■ 

putations, are added to the above table. The more approximate 
values are bracketed.^ 

We may make the assumption that the specific heats of 
^ 2 , O 2 , and NO are the same, for it is a general rule that the 
specific heats of the permanent diatomic gases are nearly 
identical. The heat of reaction at all temperatures would then 
be the same as Berthelot found at ordinary temperatures, viz.— 

N + 0 = NO - 21,600 cal. 


Thomsen’s value for this is 21,500 cal. Our next assumption, 
then, is that our equation (Second Lecture, p. 46) takes the 
simplest form— 


A = Q — 'RTln 


Jpm 




• • ( 3 ) 


where A becomes equal to zero at equilibrium. To test this, 
we will place the value of ^ beside those of EZu-r-^—r. 


1 

T 

2 

Q 

T 

1 3 

j 

j 4 

Difference between 

3 and 2. 

I 

[1811 

-11*877 

-9*296 

-4-2*581] 

2033 

-10*625 

-8*203 

*4“ 2*422 

2195 

- 9*841 

-7*369 

+ 2*472 

[3200 

- 6*760 

-3*995 

+ 2*756] 


^ Eecently this table has been completed by Nemst and his co-workers 
Jellinek and Finckh (ZeiUchr.f. anorg, Ghem»^ 45 (1905), 116; 49 (1906), 
212; 49 (1906), 229). The additional values are— 


T 


°/oO, 


1877 

78-89 

20*69 

0-42 

2023 

— 

— 

0-52 to 0-80 

2580 

78*08 

19*88 

2-06 

2675 

77*98 

19*78 ■ 

2-23 


Compare also Hausser’s experiments on the same subject, Verhandl. d. 
Vereins zur Befdrd. des Gewerbefleisses in Preussen " (1906), 37. 
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We see that there is no agreement. Wo mu.st aihl a 
number +2-45T to equation (3) to satisfy Nemst’s measure- 
ments. 

To see whether, after all, w^e must not aHHnmo a difference of 
specific heats, let ns calculate by means of formula (25) (p. 64) 
the heat of reaction between 2033 and 2195^ (alisolate), from 
the observed values of the eq[uilibrium constant. Wo get — 

- ^r,) = 

Q( 2 ii 40 ) = - 23,000 cal 

This differs but slightly from the value of the heat of reduction 
observed at ordinary temperatures.^ Still, it indicates that tha 
heat of reaction tends toward a greater negative valui? witli 
rising temperature. In accordance witli Kirclilioff^s law, siicli 
an increase must take place if the specific heat of MO is graitef 
than that of a mixture of its components- If we assiniio thit 
this difference is independent of the temperature iind approxi¬ 
mately eq[ual to -0*31, then the thermodynamically iiificictr- 
minate constant, which we have just estimated a» i*r|iiiil te 
— 2*45, becomes zero. We then find for the heat of rcMietion it 
absolute zero— 

Qo = - 21,500 caL 

From this we compute the following table 


1 

T 

2 

Qo 

T 

8 

R/n , 

4 

/aT 

5 

" ! 

Sttmi fif *1 
md 

7 

of i ft 

1811 

-11*828 

-9*296 

7-493 

- 2*323 


(rm 

2033 

-10*581 

-8*203 

7-609 

- 2*359 1 

^ 40*5112 

•bW 

2195 

- 9*800 

-7*369 

7-853 

- 2*434 i 

tmm 

tKKIfI 

3200 

- 6*722 

- 3*995 

8-062 1 

-2*491» 

- 0*494 i 

! 

b-5f2« 


1 The reliability of the value for depends, not only on llie itci’iifirf 
of the equilibrium constant, but also very markedly on tliiitof flio teiii|^wtiir« 
measurements. The temperature was determined pliotometrieall^^, w will ^ 
explained in the last lecture. The assumption therein mad© that tin* tot#! 
brightness increases as the 13th or 14th power of the ii of Mtieb 

an approximate nature that our temperature meimurimente eati eatilf lit 
wrong by seyeral degrees. An error of a degree at this higli iemimmtum 
changes by more than a hundred calories. 
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From tlii» table we see iliafc the assumption of a difference 
in specific lieatB of— 

01' = —0*31 

brings tbe exprcwirm— 

A = (,)o-<r'mT-Rm , , 

4* X Pk 

into aKrcemonfc with Nt:rnst’H ohsorvationH. 

I'iiia siinniHe that ^ is negative, to which the values of the 
lieat reaction give rise, is further confirmed by the observations 
of lUignauU, who cletennined the si_)Ocific heat of all three gases 
at room tomi>eratur«\ Ifo found a difforonco of the same sign 
and of corresponding magnitude. Wo take the data in regard 
to this from Bertholot’s compilation.^ 

=* ^■'^2 r ^ NO ) = 6‘96 

((■90 


The difference amounts to -0‘06 cal, instead of the -0-31 
cals, assuratid. The present state of our experimental know- 
hxlge of the specific heats of gases does not permit us to say 
more. Wo are especially in ignoKinoe as to how the difference 
tjhanges with the temperature. It therefore seems best to 
retain for practical use later the expression ®— 


A* Q 


4, 


x4 


+ 2-45T 


Proceeding now to the second case, let us first consider the Onse lla. 
reaction— 

Ola + Ha = 2H01 S,- 

' Rertlielot, “ Thormochimio, Lois ot Donnc&i,” 2 vols. (Paris, 1897). This 

work, togotiinr with Oswald’s Thermochemic ” (“ Lehrbiich der Allg. Chom,,’* 
veil IL part i,, 189B) contains tlio chief compilation of tliermocliemical data, 

A table of tli© specific heats of gases is given in Berthelot, Ic., vol. i. p. 57. In 
the Siith Lecture, tlia specific heat measurements of EegnauU are given in 
taimkr foriiL The comparison, which is given above in the text, has already 
h«iii made by Itegnawit himself (Mem, Inst, de Frame, 26 (1862), 308, 311, 

B22}. 


® Heriwt ako (Ic.) takes Q as independent of the temperature. In his 
paper, liowever, on cialculiition of chemical equilibria from thermochemical 
mcaittrarntnto (see p* 100), he tiiumes a small difference while / is taken 

ai 
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Dolezalek^ has determined the definitive data of this re¬ 
action at 30^ by measuring the electromotive force of a chlorine 
electrode in hydrochloric acid solution of known partial pressure, 
against a hydrogen electrode in the same solution. The action 
of the cell involves the disappearance of hydrogen and chlorine, 
and the formation of hydrochloric acid. It makes no difference 
whether we consider the hydrochloric acid formed to be a gas 
or to be in solution, so long as gas and solution are assumed 
to be in equilibrium. The gas pressures of the chlorine and 
hydrogen were not accurately determined in Dolazalek's experi¬ 
ments. Still we shall not be far wrong if we assume that they 
were both equal to atmospheric pressure minus the partial 
pressures of the water and of the hydrochloric acid, for both 
gases were passed in at atmospheric pressure. Now, the vapour 
pressure of pure water at 30° is equal to 31*5 mm. Hg, or 
0*0414 atmosphere. It is, of course, less over the hydrochloric 
acid solutions; but since a small deviation of 0*01 atmosphere 
is of no numerical importance in the following calculation, we 
shall call it 0’02 atmosphere over all the solutions. We obtain 
the partial pressure of the chlorine and the equal partial pressure 
of the hydrogen by subtracting Dolezalek’s observed partial 
pressm*es of hydrochloric acid from 0*98 atmosphere. This 
gives us all the necessary data for evaluating the expression— 

We combine in the following table the normality of the 
hydrochloric acid, its partial pressure, the value of the ex¬ 
pression— 

Phci 

A, X A, 

just discussed, and finally the value of— 


min 




X 


expressed in calories for T = 303° absolute, based on the results 
of Dolezalek. We also add the electromotive force of the cell 
as found by Dolezalek, and the reaction energies (free energies) 
computed from it by multiphcation with 23,110 (the number 


^ Z,f. Fhys, Gkem., 26 (1898), p. 334. 
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23,110 is the product of the number of coulombs, 96,540, which, 
according to Faraday’s law, must pass through the cell in the 
formation of a mol of hydrochloric acid, into the factor which 
converts the product of volts and coulombs, that is joules, into 
gram calories. This factor is 0‘2394).^ 


1 

2 1 

3 

4 

5 

6 

7 

Normality 
of the 
HCl. 

Pkci 

atmog. 


ElVn 

E 

in 

volts. 

A=E* 23,110 
cal. 


4*98 

0-316.10-3 

0-31.10-3 

-4849 

1-190 

27,501 

22,652 

6-43 

0-908.10-3 

0-89.10-3 

-4215 

1-147 

26,507 

22,292 

11-20 i 

0-175 

0-217 

- 912 

1-005 

23,226 

22,314 

11-62 

0-249 

0-341 

- 647 

0-999 

23,087 

22,440 

12-14 

0-412 

0-725 

- 192 

0-981 

22,671 

22,479 

12-25 

0-443 

0-825 

- 116 

0-974 

22,509 

22,393 


Because of an incompleteness in the electrical measurements 
of Dolezalek, the values given in the sixth column, separately 
considered, appear uncertain by some 118 cals. As a first trial 
let us form the expression— 


A = Q - 

fa, X pL 


and so compare the calorimetrically determined values with the 
sums of— 


A + 


Pkci 

phu X 


The sums are given in the last column of the above table. 
Their mean is 22,428 cals, while Berthelot and Thomsen both 
found 22,000 cals. There is thus a slight discrepancy between 
the two. Whether we should attach any importance to it is 
very questionable. It would require, at the low temperature of 
303® abs., that we assume a constant of 1*34 if we would express 
the observations by the formula— 

A = 22,000 - ETfa . . + 1-34T . . (4) 

M12 ^ 


without reference to the specific heats. The observations of 
Dolezalek would be satisfied by this formula. 

1 The last decimal place is uncertain. The phjsikaiBch-lechmsehe Keiohs- 
anstalt recently puts it at 0*239. 



no 


THERMOD YNAMICS 


Dissocia¬ 
tion of 
hydro¬ 
chloric 
acid at 
higher 
tempera¬ 
tures. 


Measurements of the equilibrium at higher temperatures 
which we could use are wanting. Mallard ^ and Le Chatelier, 
to be sure, exploded numerous mixtures of hydrogen and chlorine 
in closed vessels, and based certain conclusions on the pressures 
there developed. These observations, however, afford us no 
certain knowledge of the dissociation. Henry St. Claire-Deville 
was able, by means of a most ingenious experimental contrivance, 
the so-called cold-hot tube, to show qualitatively a trace of 
dissociation at This apparatus^ consisted of a heated 

porcelain tube with a brass tube passing through its centre. 
Water flows through the brass tube. The gases are sent through 
the annular space between the two tubes. Deville, by this simple 
arrangement, could prove qualitatively the dissociation, not only 
of carbonic acid and ammonia, but also of hydrochloric acid, 
carbon monoxide,^ and sulphurous acid, the temperatures being 
hardly above 1300° C. Victor Meyer and Langer^ showed the 
same thing qualitatively at 1700° by measuring the density of 
HOI in a platinum vessel. Platinum is very porous to hydrogen 
at these high temperatures, and consequently the gas leaked 
through the walls of the vessel, leaving chlorine behind, partly 
as such, and partly as chloride. How far the dissociation went 
cannot be determined from these experiments. Our formula 
gives a very slight dissociation at 2000° abs. or 1727° C., that is, 
at very nearly the same temperature as used by Victor Meyer 
and Langer. If we put A = zero for the condition of equilibrium, 
and T = 2000, we get— 


'Rln 


j^Hci __ 22,000 

X pL ~ '2000 


+ 1-34 = 12-34 


Hence for every 100 volumes of unchanged hydrochloric acid 
there is 0*2 volume of chlorine and an equal amount of hydrogen. 
(This equilibrium, like all gas reactions in which the number of 
appearing and disappearing molecules is the same, is independent 
of the pressure, since the volume factors cancel from numerator 
and denominator.) Victor Meyer and Langer estimated the 

1 Annales des Mines (1883), sect. iv. part D. 

^ Ann, Ghim, Fharm,, 135 (1865), 94. 

3 Ibid., 134 (1865), 124. 

^ Victor Meyer and Langer, “ Pyrochem. Untersuchnngen ” (Braunschweig, 
1885), p. 67. 
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dissociation at 1700'’ as imich greater than this. Yet their 
(»l)8(5rvation cam he explaiucfl equally well without this assump¬ 
tion, provided the velocity with which the dissociation equilibrium 
adjusts itHelf he gnsat, as is indeed very probably the case. 
A more rigorous treatment of the question is impossible with 
our present inHufficient knowledge of the spooific heats of these 
gases. If wo uBo Htitjckor’s and Itegnault’s values as given in 
Wtlllner’s compilation^ for room temperatures, we find— 

= 3'4l 

iouij = 4‘OK chci = 7'08 

-h =• 7'4U) 

All the values ref«»r to Cfnmtaut pressure. According to these 
incasuremonts, the true sixwific heats of the disappearing sub- 
stauccH exceeds that of the enbstance formed by ()'41 at room 
temiKsnituro. Yet Hegnault’s direct determinations of the specific 
heat of chlorine differ considerably from the indirect determi¬ 
nations of Streckor. Still, ifc seems unquestionable that the 
difforenco is imsitive at ordinary temperatures, and assumes a 
still larger |«>8itive value with rising temperatures, for Berthelot, 
Mallard, and I^e Ohatelier agree that the specific heat of 
chlorine at high temireratures greatly exceeds that of hydro- 
cddoric acid, which always remains similar to that of hydrogen. 

In order to at least approximately inform ouraelves as to 
wliat Ktgnificance this difference of specific heats has, and to 
see how well Dolezalok’s measurements harmonize with the 
asHuiiiptiott that the thermodynamically indeterminate constant 
Ixjcomcw 55ero when we take account of a difference of specific 
heats, let us recur to the expressions developed in the Second 
and Third Lectures (p. 61, equation (28a), and p. 60, equation (9). 
For such a comparison it is often convenient to substitute 
Qt “ (r'»T -- cr"T® for Qo hi the formula— 

A a= Qa - (t'.T/»T - <r"T - ETS/fnc' + const. T 

or'»T and can then be collected in one term, and we 

obtain in this case, for example— 

A-|-ff;T(l+MT)-f =QT-fcon8t.r. (6) 

1 Wttiliier, ** Exptrimentolphysik,” 5th edit., yal iii. p. 554 (1896). 
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If we give a small negative value^ say —0*25, to the difference 
a'v at absolute zero, and a moderate positive value, say +0*001, 
to the difference +' of its increment with the temperature, we 
obtain, in the first place, a difference between the true specific 
heats at ordinary temperatures agreeing both in sign and in 
magnitude with the experimental results. In the second place, 
we find, with the help of the calorimetrically measured heat of 
reaction and the values calculated above from Dolezalek’s experi¬ 
ments, that the thermodynamically indeterminate constant (in 
5) becomes very nearly equal to zero. Finally, the dissociation 
in the case of equilibrium at 2000° abs., calculated on these 
assumptions, is found slightly greater than we deduce from 
formula (4). Against these assumptions regarding a-' and a-" 
may be urged the- fact that Strecker, measuring the velocity of 
sound in chlorine, which is dependent on the ratio of the true 

specific heats could find no certain change in this ratio 

between 17° and 343°. Yet Strecker’s values are of varying 
accuracy, and his conclusion that the specific heat of chlorine 
is the same between 17° and 343° is too incompatible with the 
large temperature coefficient of the specific heat at high tem¬ 
peratures found by Mallard and Le Chatelier, to allow us to 
attach any importance to an objection based upon it. We can 
here, as in the former case, merely say that the facts are by no 
means opposed to the assumption of a zero value for the thermo¬ 
dynamically indeterminate constant. Such an assumption is not, 
however, proved by the observations, as we have already men¬ 
tioned (Second Lecture, p. 46). For further use in the next 
lecture we shall retain, for simplicity’s sake, equation (4), 
especially since only temperatures of a few hundred degrees are 
there involved. 

Measurements bearing on the energy of formation of hydro- 
bromic acid have been made by Bodenstein and Geiger.^ The 
relationships here are identical with those in the case of hydro¬ 
chloric acid, and their discussion may consequently be somewhat 
abbreviated. Bodenstein and Geiger have measured the electro¬ 
motive force of the cell Bra - BrH — H 2 at 30°, using solutions 
of hydrobromic acid containing respectively 0'9291, 0*9250, and 
0*7849 g. HBr in one c.c.,and to which small quantities of bromine 
1 Z, f. phys. Ghemie, 49, p. 70 (1904). 
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had been added (on one side). The vapour pressure of the 
bromine and the hydrobromic acid were determined in the same 
solutions and at the same temperature. It was also ascertained 
that the vapour pressure of the pure hydrobromic acid over its 
pure ac[ueous solution was not materially different from that over 
the solution containing bromine. Turther^ the pressure of 
the hydrogen gas passed in was measured. The value of this 
pressure in mm. Hg, the observed values of the e.m.f. of the cell 
in volts, and the energy of the reaction computed therefrom, for 
the formation of one mol of HBr gas (e.m.f. x 23,110) expressed 
in gram-calories, are given together in the table below. According 
to our theoretical considerations, the energy of the reaction— 

^Br2 *4“ ^112 = HBr 

taking account of the difference of specific heats, would be— 

A = Qo - - RTfa , . + const. T (6) 

Phi ^ Phi 

If "we substitute here as before (see p. Ill)— 

Qx = Qo + a'.T + a"T2 
for the sake of convenience, we get— 

A = Qt - c7'„T(1 + hiT) - 2(r"T2 - ^ ^ 

Plri X 

If we insert for T in this equation the absolute temperature 303°, 
used by Bodenstein and Geiger, and 12,200 cal. for the heat of 
reaction, this number lying midway between the value found 
by Berthelot (12,300) and that which Ostwald calculated from 
the measurements of Thomsen (12,100), it follows that— 

A = 12,200 - 6-714 X 303 x <r'* - 2 x (303)^ X <r" 

- 1382 logio-*^fV+ ^ 

The value of the logarithmic member of this equation is given in 
the next 'o the last column of the following table; that of the 
expression — 
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in the last column. The mean of these values is very nearly 
12,800 cal. 



Vmr 

mm.Hg. 

PBr2 

mm.Hg. 

mm.Hg. 

EMK 

Volt. 

A 

cal. 

i 

- i^BrH 


(1) 

12*0 

0*682 

742-5 

0*573 

13,242 

* - 373 

12,869 

(2) 

2*25 

1*509 

753*6 

0-625 

14,444 

-1625 

12,819 

(3) 

1*19 

1*448 

760-6 

0-636 

14,698 

-1997 

12,701 


If we arrange the equation as follows :— 


A - Qx + Em ^ ^ = - <T\T(lnT +1) - 2cr"P + const. T 

i^Bra ^ 1Pe2 

and take 12,200 cal. for Qt, we can see from the table that 
the value of the left-hand member amounts to some 600 cal. If 
we insert this value, dividing through by 303 (calling §g!{ = 2) 
and transposing, we get— 

const. —2 = 6*714 (t'^ 4- 606 x a" 

If, first, we put (t\ and cr" equal to zero, the const, becomes 2, and 
we get, as in the case of hydrochloric acid, the approximation— 

A = 12,200 - Em . 1 + 2T . . (7) ' 

The assumption that the heat of reaction is the same at all 
temperatures finds expression in this equation. 

If, on the other hand, we examine the available data con¬ 
cerning the specific heats, we find that at ordinary temperatures 
the true specific heat of 

exceeds that of IHBr by nearly a unit. The specific heats of 
hydrogen and hydrobromic acid are per mol approximately 
equal. We may assume without hesitation that their increase 
with the temperature would also be equal. On the other hand, 
the specific heat of bromine is much greater, and undoubtedly 
its increase with the temperatures is also more rapid. We may 
assume here, as in the case of HCl, a negative value (—0*5) for 
or'c, and a positive value (-1-0 0027) for cr", and thereby cause the 
thermodynamically indeterminate constant to disappear, and 
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at the same time make the difference between the true specific 
heats at ordinary temperatures correspond to that experimentally 
determined. Yet by thus fixing the value of a and cr" we are 
forced to assume a more rapid change of the specific heats of 
bromine with the temperature than is at all compatible with 
the acoustic measurements which Strecker has made upon this 
gas. Since we possess no other evidence regarding the change of 
specific heats with the temperature, we must reserve judgment. 

The dissociation of hydrobromic acid vapour can be easily Bissocia- 
calculated from equation (7) if, for instance, we put T = 1000 abs. 

(727® C.); it then follows for the equilibrium, where A = 0, bromio 


and 


PBtB 

A, X Ph, 


= 1300 


Now, at equilibrium, for every one part of pure hydrobromic 
acid supposed to have been originally present, there is 1 — a? 

tC 

part still unchanged, while ^ part is present as bromine, and 
the same amount as hydrogen. We find then that— 
pBrR _ (1 -■ x) _ 2(1 — x) _ P 3 QQ 

A. X A, 0* 

or 651, oroj =• 0*15 x 10”"^ 

X 


Expressed in per cents., the degree of dissociation x = 0'15 per 
cent, at 727®. 

Bodenstein^ states that Eeichenbach found the degree of 
dissociation at 650®--750® to lie between 0*3 per cent, and 0*9 per 
cent. He calls attention to the fact that the measurements 
probably gave too high results. The assumption of a negative 
value for <r' and a positive value for a", leads to a somewhat 
higher value for the degree of dissociation. 

We will complete this discussion by considering the equQi- 
brium conditions of hydriodic acid. Here we have equilibrium mation^of 
measurements made by Bodenstein, who subjected this matter bydriodic 

^ Z. f, ^Tiys. Ohemie^ 49 (1904), 61. 
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to a thorough and searching studyd We will now show iu 
the usual way the bearing of the values obtained, upon the 
formation of hydriodic acid, according to the equation— 

Hs + J H2 = HI 

The '' degree of dissociation ” (v of the hydriodic acid was 
the quantity directly determined. From 1 mol hydriodic acid, 

1 — oj mol remains imdecomposed at equilibrium, and-^ each, 

of hydrogen and iodine are formed. The equilibrium constant 
can therefore be written ^— 

K = KLzD- .(2) 

X 

Eodenstein’s decomposition values were— 

">0. ... 508 487*2 443 427 410 393 374 350 

cc ... 0*2408 0*2340 0*2198 0*2157 0*2100 0*2058 0*2010 0*1040 

°C. ... 328 302 283 

a; ... 0*1885 0*1815 0*1787 

From these values Bodenstein computed a table of equilibrium 
constants which we will alter only by substituting values re¬ 
computed according to our definition of the equilibrium constant. 
The equilibrium constants labelled '' found ” are derived from 
the adjoining decomposition values, which in turn are computed 
by interpolation from the observed values of x given above. 
The interpolation formula deduced and used by Bodenstein is—■ 

0? = 0-13762 + 0*0000722^ + 0*00000025764^2 

The values of the heat of reaction also labelled found ” are 

^ Zeitsch\f. ])hy8il\ Cheon., 29 (1899), 295, where earlier papers are also 
given. 

- Bodenstein takes as the equilibrium constant— 

T- _ 

” 4(1 - xf 

We therefore get our constant from his by making— 


Bodenstein gives the values as Our constant, in the terms of this, 

therefore is— 
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calculated, interval by interval, from the equation of Van’t 
Hoff— 



d rom these values of Q»i, the heat of reaction at any temperature 
may be computed by means of the interpolation formula — 

Q.,, = 89-575 - r575T + O'OOSdQT^ 

This formula corresponds to our expression— 

Q,. = Qo + erVr (t'T2 

Finally, with its help, we get the equation for the energy of 
the reaction— 

A = 89-575 + l-575mT- 0-00549T2-Em--|-^-^^?-,-- + const. T 

I>h X mh 

Dodenstein determined the constant by calculating the value 
biK for the condition of equilibrium (A = 0) and comparing 
it with the value of the biYi “found.” This gave —2-67 as 
the thermodynamically indeterminate constant.^ 



T 


K 


InK 

Qt 

Qt 




found. 

calculated. 

found. 

calculated. 

520 

793 

0-24483 

G-2 

1-8195 

1-8197 


2222 

2084 

1950 

1821 

1G96 

1575 

14G1 

1347 

1239 

1136 

1038 

943 

500 

773 

0-23813 

G-4 

1-8562 

1*8562 

/LJLLL 

2084 

1951 

1821 

1G9G 

1575 

1459 

1343 

1237 

1135 

1038 

942 

480 

753 

0-23164 

G -6 

1-8022 

1-8924 

4G0 

733 

0-22535 

G-9 

1-9279 

1-9280 

440 

713 

0-21927 

7*1 

1-9G31 

1*9631 

420 

G93 

0-21339 

74 

1*9078 

1-9979 

400 

G73 

0-20772 

7-G 

2*0319 

2*0319 

380 

3G0 

653 

633 

0-2022G 

0-10700 

7- 9 

8 - 2 

2*0654 

2*0983 

2-0657 

2-0982 

340 

613 

0-19195 

8*4 

2*1306 1 

2-1306 

320 

593 

0-18711 

8-7 

2*1621 

2*1622 

300 

573 

0-18247 

8-9 

2*1929 

2*1929 

280 

553 

0-17803 

9-2 

2*2229 

2-2231 


The_equations of Bodenstein can be used to calculate the Heat of 

reaction. 

1 Bodenstein’s equation for the equilibrium runs— 

ZjiKi, = - - l-5959Z)tT + 0-0055454T + 2-6981 

If we replace (see above note) by - 2?nK, and multiply through by ET 
we obtain the above equation. 
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heat and the energy of the reaction at ordinary temperature. 
The value of Qt, according to Bodenstein’s equation given above, 
amounts for ordinary temperature to only +96 cal. This 
value is appreciably smaller than we should expect from the 
thermochemical data. Berthelot gives -6400 cal. for the 
formation of gaseous hydriodic acid from solid iodine and 
gaseous hydrogen, while from Thomsen’s data we get —6100 
cal. for the same quantity. The heat of sublimation of solid 
iodine can be calculated from measurements of its vapour 
pressure at different temperatures. Such measurements have 
recently been made by Baxter, Hickey, and Holmes,^ and they 
show that 15,100 cal. are used up in converting one mol of solid 
iodine into vapour at ordinary temperature. Therefore the heat 
of formation of one mol HI from the gaseous elements is equal 
to 7400 — 6400, i,e. 1000 cal. at ordinary temjoerature. Using 
Thomsen’s data, we get 7400 — 6100, i,e. 1300 cal. 

The equation of the reaction energy can l)e tested by deter¬ 
mining the e.m.f. of a galvanic cell, which consists of an 
iodine and a hydrogen electrode in a solution of hydriodic 
acid. The partial pressures of iodine vapour and of hy¬ 
driodic acid gas, which are in equilibrium with the solutions at 
the electrodes, and the pressure of the hydrogen gas must be 
known. Eecently the author, in collaboration with Gottlol), has 
carried out preliminary measurements on such cells at 43*7°. 
According to Bodenstein’s equation of the reaction energy, the 
e.m.f. at this temperature should be— 

E = 0-06757 - 0-0625 log (E = volts) 

^ P1I2 

Five cells were tested, the concentration of the hydriodic 
acid varying between 3*5 normal and 6*44 normal, the concen¬ 
tration of iodine at the positive electrode being from 0'55 
normal to 1-076 normal. Hydrogen was passed in at the negative 
electrode under atmospheric pressure. The vapour pressures 
of hydriodic acids with and without addition of iodine were 
determined by the so-called dynamic method. All values 
of the e.m.f. were found to be larger than calculated from the 

^ Journ, Am, Qliem, Soc., Jan. 1906. Former determinations have been 
made by Eamsay and Young (Jour. London Chem. Soc.j 49, p. 453 (1886), 
and by V. Ricliter {Berl Ber., 19 (1886), p. 1060). 
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above equation. The mean difference amounted to 0*052 V(jlh 
corresponding to a difference of 1200 cal. in the reaction energy. 

These differences between calculated and experimental values 
for the reaction energy as well as the reaction heat suggest 
the question whether the iodine in Bodenstein’s experiments 
behaved as an ideal gas. It may be remembered that, accord¬ 
ing to Guye and Eadice/ the critical temperature of iodine is 
some degrees above 500^ hfow the specific heats of gases at 
temperatures appreciably below their critical temperature 
show that the pressures arc not as independent as is pre¬ 
supposed in the deduction of our formuhe. It seems possible 
that Bodenstein’s experiments, especially in the neighbourhood 
of 300°, were influenced by this factor. 

It is of interest to compare tlie various determinations ofa’ho 
the specific heats of the gases concerned. According to Bodeu- 
stein— 

(t', + (t"T = -1*575 -1- 0-00549T 


This value represents the difference between the mean specific 
heats (from 0^ abs. to T°) of P 2 + 2 H 2 and TIL Strecker has 
C 

tested the ratio of the specific lieats of hydriodic acid by 


measuring the velocity of sound in it. The true specific heat 
at constant pressure, calculated from his measurements, is 7*04-, 
without any perceptible change with the temperature between 
21° and 100°. We may certainly take the Eegnault value of 
G*82 per mol as the true specific heat of hydrogen at constant 
pressure at ordinary temperatures. Both values can, indeed, be 
employed up to 300° without any perceptible error. Testing 
the iodine, Strecker found a ratio of specific heats in the neigh¬ 
bourhood of 300° (220° — 375°) which gave a specific heat at 
constant pressure of 8*53, again quite independent of the tem¬ 
perature. According to these measurements, the difference of 
the specific heats of -^12 -f* ^H 2 and HI at 300° (573° abs.) is 
+ 0*62. Bodenstein's formula, on the other hand, would lead 
us to expect the much higher value of +4*73 for this difference. 
The discrepancy is remarkable, though we have to consider 


1 See Landolt-Bornstein, Physikaliscli-Chemischo Tabellcn,” 3rd edit. 
(1905), p. 184. 

2 Wuellner, Expcrimentalphysik,” 5th edit. (1805), vol. iii. p. 554 ; 
Strecker, Wied. Ann., 13, p. 41 (1881). 
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that Strecker himself has emphasized the diHicnlty and in¬ 
accuracy of acoustic measureineuts on T 2 at liigh Umipcratures. 

Concerning Bodenstein’s vahies at high teini>oratim; (HOO'), 
there is another point to he considered. The reaction studied 
by Bodenstein changes its nature with vising tiiinperaturi’. 
The iodine, as well as the hydriodie acid, begins to dissotaati'. 
The two reactions— 

21 ii!: L 

Is + Ho ^2111 

therefore infringe one upon the other. I'Jie luait ol lurmation 
of molecular iodine from atomic iodine i.s eertuiiily vi;ry large. 
Planck 1 has calculated from several ineasnreinimts hy hleier 
and Crafts,®on the assumption that the sjiceilic In-at <if iodine at 
constant volume is not changed hy di.ssoe.ial ion itilo utoias, tliat 
it amounts to 29,000 cal. (at constant voIuiihO- He has further 
calculated from two of Bodenstein’s numher.s, that the heal, of 
formation (which he assumes as indejiendent (d' the lemiierature) 
of a mol of hydriodie acid from molecular iodine and Iiydrogen is 
1300 cal. We may use these results for a nmgli (‘stimation <d’ 
the relative importance of tho two reactions, for, aeeoniing to 
them, the decomposition of a mol of liydriodie ae-id iiitn nnd 

of iodine and hydrogen uses up only jh (/.«■. j i,,,,)) 

of tlie total licat of the two rcactioiis, wlii'hi the* nm- 

version of the }j mol of molecular iodine into atotnir. iiidinn 
up the remaining of this total lieat of rcTUdioii. Hu* clu.- 
composition of hydriodie acid therefoni entails a greatrr httal 
absorption the higher we raise the teinjHjraturc*,, tliureby 

more iodine atoms, together with iodine*, molecudc*^, are pro¬ 
duced. The heat of reaction Qt given hy liode/nsteiidH iiioasurtf- 
nientsis nothing other than this heat consumptirm with ehangiul 
sign. We can, therefore, no longer consider it as Biiiiply the 
heat of formation of hydriodie acid from molecular iodine and 
hydrogen, hut must rather recognize in it the sum of two healn 
of reaction, that of the leaction— 

I + ^112 = III 

^ “ Thermodynaraik,” 2n(I edit. (1905), p, 215. 

Berl.Ber. (1880), 851, 131G ; (Jomj}L Rend., 90, 300,92, 39, Ctompan? 
V.Meyer, Bcrl Ber. (1880), 394,1010,1103 ; (1881) 1453; and Kmnnaun, tlu» 
same (1880), 1150. 
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and 

>L+ = m 

Dtuxlitlnss tlH‘. slum* tak(*n l)y Ukj first ix^aclion is V(‘.ry small, 
hut vaiiisliin^L^dy snuill it c(‘rtaiiily is not, a,ml at 520'' it 
s a iiUNasiuvahle fhou^^li sniall fr.'uition of fh'. Tho 
dissiK'iatioii of iodino info atonis umlor a.t-mosph(‘ric ])rcssi!i’(; 
rejudu's 25 por (aait. at .K)4‘) , 50*2 p(‘r (^rnt. at 1.275'*, and 72‘1 
pur at l.4f5S , accordin^^ h) (‘raJ'Is and Moicr. 2Vt lowm; 
teinp(U'atur(‘s tlir ro.sult of drii.sif.y nma,siin‘meiits aiv, not V(‘ry 
sliar]>, V(*t (tvrn n\ dHO tin* dooroasci of* (haisity is noticajahlia 
TIk" heat incmiiciit — 


1/575 4- 2 X OMMLo.lPT’ 


nf ni(‘ ivaotinn does not tluTi'fnnt r<’])i'(*s(*nt niandy lJui dinhr™ 
(*nf;e of the, spindfic:. heats of the reactiniL( su]Ksta.iKU‘,s, l)nt is 
ratlicr deJeniiiiied hy the* fact tliat every ineanase, of the 
ieniperature inenaasexs the ndativc IVcapnmey of' tlu^ pnajess 
^ iiivolvin,i£ thc! lar^^e liceit (dninpn* I + ^dl = III, and <I(3(n'eas(‘S 
soiucj\vlia.l the, frecpienr'V of the proctess with th(3 small lu;a,t 


f'lnmmr 


Ala + All, 


111 


The third, and ie,ehniea,lly th(‘ most iinport-a.nl/of L1 h‘, eJass III. 
nf niaelions we are t'^usiderin*^ is the wat(n*-o;as niaxd/ion . ilu .AA'***'* 

^ ^ In M * 

rth + n.7£Hd) 4- ho 

Th(i heat of rtandion has luna*. Inien aiaairately deUnaniiurd at 
cirdinary lempc*rat nre. If repntsent.H tin* dilliinme-e hctw(3(in tin*, 
heats of iraetion uf the folhnviii;^ reae.lion.s: — 


Hi* -h .yh = IhjO 4 oHdinO ^ranmiads. 

.y h - 4 (hS/Hlf) 

C’O.j 4 IIm — Id) 4 llJ) — 10,000 |j;ra,ra-calH. 

Th(\se v?tIue.H are haned on the eritical diseais.sion of tln^ thmano- 
ehenueal data relating if) tln^ formatJon r)f \vat(*.r and oaahonic,) 
acid, ^ivem in OsiwaldAs larpoi text-hook, P»crtlu3lotAs results 
haid to the value of —10,100 cals., diflerin;^ hat I per cent 
from the above. 

Tlui detenainati))!! oi' the e.fpiilihrium of this reaction has nini.n-y 

of flu* 

^ The ficdor 2 in hen* pr«ea»{ji Imauw*) tlio, heal iiwnnueat of tlic r(fnetif)ii waf<*r»^aH 
is equal t(/ the dilTt'reacre of the tnat Kpecfnic heals (s«;e p. 20;, d'liis has the reaoOofi. 
factor 2 in front of the second nainher. 
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a liistory.^ It began with the experiments oi lUniscn. He 
exploded a mixture of carbon nmnox'ide and liydrf^gnni with a 
quantity of oxygen insufficient for cumpbdti (*.nmlm.stinn» an«l 
studied the distribution ratio of tlio oxygmi bd-wetm tlu' mvlnni 
monoxide and the liydrogen. Jhnismi thought that, umh'r 
conditions, carbonic acid ujid watiT wen^ always fnrined in 
simple ratios. K. von Meyer shared, at first, tlm. .saim*, vinw, 
influenced by experiments of a .similar nat^rt^ Ham llorsi^ 
mann called attention to tlui incorretdness of their interpreta¬ 
tions, and, on the basis of results of his own, develnprd a 
correct theoretical treatment of tln^ pi’obbnn. Ihis affirmed 
that the reaction proceeded at every tmnperaiure to the 
cquilihrinm represented by the expression 

^ higO X (\:o _ j r 
bVo X (hr, 

Bunsen and K von Meyer amaqjted this vimv after renewed 
examination of the problem, Ilor.simaim euiild nef attempt a 
calculation of the change of the (apulibrium c'onslant with Urn 
temperatures, because at that time ilu^ sperifir; heats M the gases 
at high temxDeratures were not known. After reseureh in this 
direction had furnished muv material, Ifoilnmnaattimipted tn 
give a numerical treatment of Ilorstmann s <)lmerval iens. 

It will help us in understanding these ealeulati<ms and the 
developments based on tlami, if w(j first reviifW what is kmnvn 
about the specific heats of the gasat.s c'.one(‘rne4i. Hie. mefliMd; 
of their determination will be only lightly tmndnul npeii here, 
because they will receive special treatment in a latm* lerinrm 
Eegnault first showed, in his comprelmiLsivc rcHcareh en the 
specific heats of gases (18G2), that the spem'fif'. lieaiH of hydrogen 
and carbon monoxide were nearly the same both at ordinary 
and at slightly elevated tcmp(‘.ratnres. fb^ fuumi leHr, p^w 
mol as the specific heat of carbon monoxidi^, and 0“H7 per imd 
as that of hydrogen.^ All later inve.stigalions of the beliavionr 

1 See Haber and iliehardt, ‘‘ Ueber dan A\hifiKca*gryigkic!hgewlc'hf in »l»'r 
Bunsen-flamme imd die cliemiaclie BeHlinujiuag der FlammeateniperaliirA 
Zeiischr.f. anorg, OJiem., 38 (1004), 5. 

Zeitschr.f. jTihjsik. (Jhern,^ 25 (180H), 385. 

^ As regards the value of the Reguault calorie, «<•!; Wllllacr, « Ex|M-ri- 
nientalphysik,” 5th edit. (Leipzig, IBOOj. vol ii. p. 52:1; nhn Ihrler'ri 
Driide's HTirc, 10 (1^05), 503. 
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of (IiuHo ^;i.s(‘.s at i(‘ni{)(Mu(un‘;s a,i^av.(‘ in (Ulinniii^Lr tlia.i 

llu'.ir .^‘pucilic litjaln cliari^^n in an iticnilical \v.‘i.y wn'l h I'isin^i* 
ti‘iu|H*ratair(*., so that thrii' tlidiMVjn'o may In* (•()iiHi<l(‘r(ul as 
ap]*rox iinaU'ly zan’o at all (aiii|H‘.ra( uivs. ( !{)n.si^(|U(ait-ly, in 
f‘,al{*ulatit)ii of'thn linat* of r<*.a.i*tiou and oi’ IIm*, r<‘.ac.iioii inim'oy of 
ihn \varoacdion* only tin* difloromM* in s|M'f;iiio; lu‘ii{s o(* 
oarlnm dioxidc and \va(or-vaptnu’ (umnf.s, prova’dial xv<‘. (‘a,l('u!a.l(^ 
the diltoiaaiof* in tin* spcadiic hants of tha uppiMriii^ujand disii jijUNir- 
inyf sulastanons in 1 ho nsua 1 way. All in vast iya tors ha,va^ ni )L only 
Id III id fi ilillanairi* in flio, s|H‘ailir, haaj.s of (lu^ai ^asaa, hut lia,V(*, 
alsf> found lliaf t.his (lilTaivnao vurio.s witli I Ini ta.m jioral.uiv.* 
loYnaiill first diilariuinod t liaH(‘ (|tiun{itioH al. low ifaujia.raUiro. 

Ifa cia.toriuiinjd tin* sjaualio lioiii of wafar-vajaair a.f ooiisl.ant 
prasMire hr an iiniinoit nnd.hod. That is, lio first oniHlut*l(*(l 
Htoaiii at (udinary prossuro, liaat ih 1 la I 2(1 , iulaa rnilori nntirr, 
and measured tho lioai t»f caiiidtensalion. H(" iioxt parfoniunl 
tlin idttiifiral ajH*niticni yvilli sdsun haatad to (!. d’ho 

diiroraiif«<» (jf tlit» two (piaiiiitiaa of ho.at (*volvod was ovi<lo,iitly 
o«|ual tip till* l!oat;,dvan off hy flia Hfoani in fondinp*^ from 22fh 
I«il2dd If ainouiilod in Iv*at4uanir.'M*\|)(*riiii(*nls lo 7 p(*r csmiI. 
dll ioiuhI nmilof l!i**t'd;il haat maamirad. This iliffairnoo. 
I'apra suits till* piodurt (d* ilia spftdlia lioat of sfiuin }H*Uvo(*n I 2d ‘ 
and 221 r, niullipliad info tlio t(*inp(*nilnra ilifrarmioa. (I(M)’j. 
lvo; 4 iianIt found CI'dK ^rainasil an Ilia nmaii sp{*ai(la, boat ]mt 
rraiii mT wall*r-v;tpour iif alniosphario prossuro from (hrao a,\- 
|M‘riliiaiits fd' tliiikilid, Tins ooiraspoiids to a, spoi^ifii* lustj, of 

I rraiU“ 0 ;ii parniol. Thoipd^ iliasi* iiioasiu’aniant.s wim^ niudo 
willi fin* pyoafoHl fstro, wo.Hliotild not, fail to tvnp^ni/j^ that I lioy 
iitniiof j^iianinloo any proal mnaintay of riomlts. Lvl tin aoiisidm’ 

^ Fld-un»'r jt-i u.ifiiifarapioidcn (taMdlHalmf'i/’ in 

Ziii’p'ld*' ■■ p, I'JiP/ Inn iah'4 r*ii.dii olijrr|}<iii--i (ti this wliiah 

i»ia airi'iiPnifin in ilia lit?'rutfii‘a of fb<* arjyliiafn ina [iroP-.f i<»n. 
H#* tlu* t!X|ii*riiiiai{lH of Miillitnl anf! fiY !liu|ciiar r*bn/. Ars J///o'h, t 

(PSHyi..'$711} aiitl tlios!of Ifi'ithalMl and JtuL r/n'm,-i ilHHU', l.'l), 

aii‘1 iifO'kfi to pi'MVo fbaf alt sifi far iiiVi-aii^aloil toshihit liooniifanf lipiuiifio 

lioaf, ta hill iIm; foniior iiiftfu.UM'ifioni <4’Mallard and Lt^ 

riiafi'lPr pau* falHo niHiillH lii'oatia* t lio iafiiicrito'iif th«* walls wasiriiniflir.ifoif ly 
niii^thT*'* 1. Thow* dotihtH rind flia vi<*%v hrwai upon tlanii lhat llio Hpiosliu 
riniiaiiin caaiiiiiifilmrt? flH|uiivo4 an tho* duo luiud liy tho ('Xpari- 
iiaut «»f laiiipii, ati»l du tip* fitlirr lytla* rfoiilts uf Ifc»]!airii, Auslin, and 


SiM'idlio 
hcaj, (tf 
wilier 
vaptair iit 

low ( (’HI- 

poratiin'. 
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tiie last series of Eeguault’s experiments, for instance, wliicligavc 
an evolution of heat of 690*18 cal., when the steam was heated 
to ,216*03°, and 645*44 cal. when heated to 122*75°, or a 
difference of 44*74 cal. (the liquid water formed is assumed 
to be cooled to 0°). This corresponds to a temperature dif¬ 
ference of the vapour of 93*28°. From this we get 0*47963 
cals, as the specific heat of the vapour per grain. Now, the 
temperature change of the calorimeter itself in the single experi¬ 
ments amounts to some 20°. The 44*74 cal. corresponds to 
a temperature change of about 0*7° in the calorimeter. But the 
corrections (based on observation) which must be applied to the 
calorimeteric results because of conduction and radiation before 
and after the introduction of water-vapour, amount to from 
0*5 to 1° in single cases, or are approximately as great as 
the quantity investigated. These unfavourable conditions arc 
operative in all the series of experiments. But even if wo 
admit the accuracy of Eegnault’s determinations, we cannot deny 
that the values found by him can have but slight significance. 
Water-vapour under one atmosphere pressure and between 120° 
and 229° is by no means a perfect gas. It is still far beneath 
its critical temperature of 360°. We would expect, therefore, 
that its specific heat would exhibit peculiarities. Such pecu¬ 
liarities did indeed come to light in an investigation carried out 
by Lorenz.^ Here superheated steam was conducted through a 
calorimeter at such a temperature that it did not cool to the point 
of saturation and condensation, but after a slight cooling made 
its exit, still in the condition of vapour. The following tables 
contain Lorenz’s values. The temperatures at which the steam 
entered the calorimeter are given under A, the temperatures at 
which it left under B. Under M are given the means of these 
two temperatures, under the vapour-pressure in Kg. per square 
centimetre, and, finally, under the true specific heats in small 
calories per mol of water-vapour under the given pressures {jj) 
and at the given mean temperatures (M)— 

^ Zeitschrijt des V&reins deutscher Ingenieure, 1904, pp. 1189 and G98. 
Compare also the observations of Bach and of Weyraucli, which he also calls 
attention to {ZeitscJir, des Vereins deutscher Ingenieure^ 1876, p. 77, and 
1904, p. 24). Similar experiments carried out by A. H. Peake (JProc. Royal 
Soc., London^ 76 (1905), 185) did not give quite satisfactory results, as the 
author himself observes. 
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A 

... 224*1 

228-9 

243*5 

240*8 

291*1 

313*8 

343*3 

B 

... 191*0 

182*0 

161*6 

204*0 

232*9 

244*8 

244*7 

M 

... 207*6 

205*4 

207*6 

222*4 

262*0 

279*3 

200-0 

P 

6 829 

4-311 

1-932 

8-97 

8*98 

6*82 

1-89 

c, 

... 11*20 

11*49 

9*56 

12*56 

11*52 

10-22 

9*29 

A 

... 326*6 

367*5 

361-3 

381*5 




B 

... 262*4 

260*1 

281*7 

296*3 




U 

... 295*0 

313*8 

321-0 

338*9 




I 

4*05 

8*985 

6*945 

3*930 




Cp 

8*71 

10*26 

9*99 

8*60 





Lorenz deduced tlie formula— 


Cp = 0-43 + 3*6 X T = abs. Temp.) 

^ sq[. cm. ^ 

as representing bis experimental results for the true specific 
heat per gram of water-vapour. Eegnault’s values for 453° abs. 
do not fit this formula at all well. Its applicability presumes, 
of course, that the temperature should not be far outside the 
temperature studied (205° — 339°). Over this interval it 
shows that the more the pressure sinks, and consequently the 
nearer the water-vapour behaves like an ideal gas, so much more 
does the specific heat per mol at constant pressure approach the 
value 7*74 cal. Experiments of Jones/ to which Lorenz (Z.cj.) 
refers, afford a partial confirmation of Lorenz’s results. An Thieseira 
exhaustive discussion of the specific heats of water-vapour has 
been published by Thiesen^ in connection with the measure¬ 
ments of Eegnault, and his own numerous determinations of 
the velocity of sound in water-vapour. We learn from his 
discussion that the specific heat of aqueous vapour under 
small constant pressures falls off very considerably between 
0° and 80°. It reaches a minimum of 7*34 per mol at 80°, and 
? then rises again, reaching the value 7*94 at 480° 

1 Jones’ values are given the preference by Carpenter. See Lorenz’s 
paper for a comparison of the two series of results, as well as for a discussion 
of the formula and the thermodynamic relationships connected with it (see 
also Planck, ‘‘ Therrnodynamik,” 2nd edit. (1904), p. 123). 

I 2 Thiesen, Drude’s Ann,^ 9 (1902), 88. See also Tumlicz {Wiemr Acad, 

^ Ber.^ 1897, Aht. lla. G54, and 1899, lla, 1395); further, Macfarlane Gray 

{PhU Mag,, [V.] 13, 337 (1882)). 

3 We may take into consideration Winckelmann’s {Wied. Ann., 4 (1878), 

7) determinations of the thermal conductivity of aqueous vapour, which give 
indirect evidence on the basis of the kinetic gas theory bearing on the change 
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Eecently Holbom and Henning ^ have very much extended 
our knowledge of the specific heat of water-vapour at the 
pressure of one atmosphere by calorimetric determinations 
carried out between 110"^ and 800°. The results of their 
experiments give the relation between the specific heats of 
water-vapour and air, so that any uncertainty regarding the 
change of the specific heat of air with rising temperature in- 
fl.uences the value for water-vapour. 

Holborn and Henning give two expressions for the mean 
specific heat- of water-vapour at the constant pressure of one 
atmosphere: 

^jp(H 20') ~ 8*03 -f" 0*00078i!5 
or 

too) = 7*60 + 0*00078T 
and 

^xH^o) - 7-94 -h 0*00115^ 
or 

too) = 7-31 + 0-00115T 

In the first case the increase of the mean specific heat of air at 
the constant pressure of one atmosphere is taken as 3*0 x 10”“!/^, 
in the second case twice this amount. 

The specific heat of carbon dioxide at low temperature has beem 
investigated by Eegnault between —30° and 10*^, 4-10° and 100'^, 
and between 10° and 210°. Eegnault found 0*18427, 0'2024C, and 
0*21692 gram-cal. per gram. Later experiments, in which he 
varied the pressure of the gas between 1 and 10 atmospheres, 
indicated that the mean specific heat between 185° and ordinary 
temperature is quite independent of the pressure. The Eegnault 
experiments at ordinary pressures have been repeated by 

of the specific heat with the temperature. According to these deterrninationB, 
which Mallard and Le Ghatelier have availed themselves of, the true Hpocific 
heat of water-vapour should he some 12*7 per cent, greater at 100^ than at 
0 °, when the pressure of the water-vapour amounts to but a few inillimetreH. 
Other indirect determinations have been carried out by A. IL Peake (/.r.) 
and by A. Griessmann (Forschungsarbeiten auf dem Qebiet des Ingenieur- 
wesens, Heft 13 (1904)). They throttled superheated steam. This method 
is analogous to the procedure of Joule and Thomson (see p. 18). In the 
case of a non-ideal gas a fall of temperature takes place, which has a thermo¬ 
dynamic relation to the specific heat. 

1 Drude’s Ann. d. Physih (IV.), 18 (1905), 730. 
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Wiedemann^ with somewhat different experimental arrangements. 
According to Wiillner (Z.c.), Regnault’s and Wiedemann’s 
results may be expressed as follows:— 

Regnault. Wiedemann. 

c^(co.,)j specific heat, 0 — ^ 0., 8*28 + 0‘0059 Gj{ ... 8*5G + 0*005038^ 

true „ „ at C., 8*28 + 0*01192 j5 ... 8*57 + 0*01007G^ 

These numbers have been well checked by determinations of 
the ratio of the specifi.c heats made by Eontgen,^ Muller,*"^ 
and Wulliier,^ according to various methods. It seems, con¬ 
sequently, beyond question that the specific heat of carbon 
dioxide rises rapidly with the temperature under atmospheric 
pressure in the interval of temperature studied. On the other 
hand, the results of Eegnault are somewhat inaccurate, since 
Lussana^ has shown with certainty that under heavy pressures 
the specific heat is a function of the pressure between the tem¬ 
peratures of 13'2° and 114*9'^. At first sight there is something 
surprising in the fact that this specific heat should increase with 
rising temperature under constant atmospdieric pressure, while 
that of water-vapour, according to Loren;i’s ol)servation, de¬ 
creases under somewhat liighcr ]jrossurcs. The phenomenon 
becomes more comprehensible when we notice that the same fall 
in the specific heat has also been observed by Lussana in carbon 
dioxide itself, when the pressure is greater than 54 atmo- 
si)heres. Under lower pressure there is, according to liim, first 
a decrease, and then later an increase in its specific heat. 

The specific heat of carbon dioxide under the constant 
pressure of one atmosphere has been determined calorimetrically 
by Holborn and Austin.^^‘ They carried out their investigations 
between 20"" and SOO'^, and derived the expression— 

%>Cco.) = 8-923 + 0*003045^ - O-OOOUOOTSG^-' 
or 

^^Kco.) = 7*097 -f 0-003045T - 0-0000007351^ 

A linear expression which can l)e deduced from Langen’s 

^ Wiedemann, Fogg. Ann., 157 (187G), 1. 

^ Fogg. Ann., 148 (1873), 580. 

^ Wied. Ann.,l^,U. 

4 Wied. Ann., 4 (1878), 321. 

® Fortschritte der FhysiJc fur 1896, p. 345, and 1897, p. 331. 

® JSitzungsber. der Kgh Freum. Akad., 1905, p. 175. 


Specific 
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determinations at higher temperatures is in tairly good agree¬ 
ment with the results of Holborn and Austin, and will he used 
later on instead of these expressions. 

As far as relationships at high temperature arc concerned, 
Mallard and Le Chatelier were the first to study the specific 
heats at constant volume. They exploded gases in closed 
spaces and observed the pressures generated.^ From these, 
assuming the gas law = RT), the mean specific licat 
between the ordinary and the explosion temperature could be 
calculated basing their conclusion on them. We will later 
recur to these experiments. It will here suffice to state that 
Mallard and Le Chatelier recommended the exi)erimental 
formula— 

r, = 4*33(T X 10"2)«-3or 

for the specific heat of carbon dioxide at constant \'olum(\ 
Later, they resorted to a simpler linear formula. 

For water-vapour they ol)tained the following values for the 
mean specific heats between 0*^ and f :— 

. 33G0 3380 33‘>0 

. 10*5 10*2 17*1 

They deduced the formula— 

t°c.) = 5-Gl + 3*28 X 10 H 

to express these values. Only EegnaulFs value for ordinary Umi- 
perature was known at that time, and could be compared witli 
their observations at about 3350° so that there was Huj)))ort 
for nothing more than a linear function. Wiedemann, as abovii 
mentioned, made measurements of thermal conductivity, and the 
deduction therefrom also agreed with this formula, though this, 
to he sure, was but scant proof. 

1 Berthelot and Veille {Ann, Chim. Fhjs., 4 (1885), 13) instituted siiiiilar 
experiments, but, instead of the static pressure, measured the acceleration 
which a movable piston experienced under the influence of the cxplosien. 
The procedure was original with Veille. Such liigh temperaturcH \v(‘re 
used throughout the measurements that dissociation set in. They tlierofore got 
“apparent” specific heats, that is, values which were affected by the heat of 
dissociation. The calculation of the real specific heat from these “apparent” 
values can hardly be considered very reliahle. Le Chatelier made no further 
use of these values when, a few years after their publication, he was studying 
the dissociation of carbon dioxide from a theoretical standpoint. 
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To test their foi'iniila, Mallard and Le Chatelier made use of 
three determinations of the specific heat of mixtures of carbon 
dioxide and water-vapour. They assumed that the aljove- 
mentioned formula for the specific heat of water-vapour was 
correct, and calculated with its help the specific heat of carbon 
dioxide from the pressure measurements made on the mixture 
of carbon dioxide and water-vapour, and compared these with 
the values given by their exponential formula. The data are— 


t 


Ci<{COo) 

c„(c!Oo) from 


((P, 

((p, t°) 

exponential formula 

2100° 

12-3 

14*4 

13*8 

1540° 

10*() 

11-0 

12i) 

1280° 

0-7 

11*3 

11*8 


The agreement is, as we sec, a good one. The deviations amount 
to from 5 to 8 per cent. In the determinations of Mallard and 
Le Chatelier, it is aBsiuned that at the moment of explosion the 
combustion is complete. If this is not th(i case, hut instead, 
great dissociation takes place, the vahics obtained would Ije 
useless, because the heats of comlmstion would not bo as great 
as assumed. The specilic heat would appear too high. We have 
an illustrative case in nitrogen hdroxide at low tom])eratures. 
This gas (N' 204 ) dissociates, on warming, into 2 NO 2 , and the 
beat-cliange which accornpauitis tins givcis risci to entirely 
erroneous valucB in specific heat nu^asurciutnits.^ The inference 
that disBQciatiou has taken place can, however, 1)0 tested hero 
by the results of the explosion nudhod. Tlui pressure change 
after the explosion follows a diderent course when dissociation 
occurs than when it does not. Mallard and Le Chatelior’s 
exi)eriments lead to the strangej result that hydrogem and oxygen 
unite completely even at a temperature! of 8500''. A closer 
examination shows that a completes combination at this tem¬ 
perature is inconceivable in the ecpiilibrium condition, Tlu^ 
eq^uilibriinn must tlum have been overshot, or, better expressed, 
circumvented. We can imaginci that the formation of water 
does not take ]daee by the path a, in the following diagram, 
but by the path h, c, and d, 

1 Berthelot and Ogier, Ann. (Jhirn, Fhyn. (5), 'K) (IHH2), 3H2. 
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2H3 -H O2 H2O2 + Ha 

2H2O 2H2O 

xTl^ + yO^ ^ 

If the process takes place exceedingly fast, it is conceivable 
that it only has time to pass through the steps h, e, but not rZ, 
so that only undissociated water is formed, while had the licating 
lasted longer, free hydrogen and oxygen could not help being 
formed, just as though the process had taken the direct course 
a. This unusual condition of affairs will perliaps l)e soniewliat 
elucidated by an illustration. We may picture a brook flowing 
down the side of a valley into a pool. The water cannot, of 
course, flow from the pool up the opposite side of the valley. 
The only way it can reach a point on this opposite side is to 
first flow around the head of the valley. The sole reqidremcMit 
is that everywhere on this circuitous route ther(3 be a certain 
minimum down grade. The water loses a part of its availabh^ 
energy of position in flowing around the head of ilm valley. It 
loses the rest of this energy as it flows down the slope into the 
pool. Whether the direct or the indirect path is followed dc^pcuds 
here, just as it does in a chemical reaction, on the relativcj tchI, st¬ 
ances of each path, or, as one would say in the chcunical cascj, on 
the reaction velocity. The experiments of M. Traube and (J. 
Engler^ confirm the assumption that liydrogen peroxide^ and not 
water, is the primary product of the union of hydrogem and oxygen. 

Conditions are quite different in the case of caihon dioxide, 
a very perceptible dissociation being (jbserved hm^, (naui Intlow 
2000°. Mallard and Le Chatelier estimate that at 2000'*, umku* 
a pressure of 6 atmospheres, it amounts to something less than 
5 per cent. In order cpiite to exclude any effectn due to dis¬ 
sociation, these investigators employed another method of calcu¬ 
lation, taking as a basis the experiments of Sarreati and Vedlhi 
with the crusher manometer as a starting-point. This mano¬ 
meter is a sort of explosion bomb. The pressure developed in the 
explosions, amounting to thousands of atmosphenjs, (uanpresst^H 
a copper cylinder fitted into an opening in the wall of the bomb.'-* 
By means of a compression machine, a hydrostatic pressure is 

1 Berl Ber., 33 (1900), 1110; Kernst, phjs, (Jhemu, 40 (1903), 720. 

2 Described and illustrated in the Sixth Lecture. 
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found which will deform similar cylinders to an equal amount. 
In this way the gas pressure developed by the explosion is 
measured. From the nature and amount of the explosion, we 
know the heat evolved, as well as the mass and nature of the 
gaseous product of the explosion. We then know that a known 
quantity of heat can cause these gases to exert a measured 
pressure within a certain volume. We are therefore able, with 
the help of the gas laws, to calculate the specific heats of the 
gases at constant volume. The method has this advantage that 
the enormous pressures generated prevent any dissociation taking 
place which would render the reaction incomplete at high tem¬ 
peratures. In this manner, Mallard and Le Chatelier calculated 
the mean specific heat per mol at constant volume to be— 

4*76 4“ 0*00122/5 for the permanent gases 
5*78 -f 0*00286/5 for water-vapour 
6*5 4- 0*00387^ for carbon dioxide 

Langen has recently measured the specific heats of these gases 
by Mallard and Le Chatelier’s original method, and has 
found— 

4*8 + 6*0 X X 10 for the permanent gases 
5*9 4- 2*15 X /J X 10 ^ for water-vapour 
6*7 4-2*6 X i5 X 10"^ for carbon dioxide^ 

His numbers all signify mean specific heats at constant volume 
between 0° and f. They particularly apply to the temperature 
interval of 1300° —1700°, and, in this region, correspond well 
with the observed pressures. Even up to a temperature of 
2000° they are not in error by more than 3 per cent. Langen’s 
method of calculating the results of his explosion experiments has 
been criticized by Schreber.^ Langen got three linear equations 
for the mean specific heats of known mixtures of carbon dioxide, 
water-vapour, and the permanent gases between 0° and 1300°, 
0 ° and 1500°, and 0° and 1700°. Since the specific heats of the 
three components: (1) permanent gas, (2) water-vapour, (3) car¬ 
bon dioxide, are the three unknown quantities, it is possible to 
calculate them directly from the three equations. Schreber found 
in this way— 

1 “ Mltteilungen liber Forschungsarbeiten auf dem Gebiete des Ingenieiir- 
wcsen,’’ vol. viii. (Berlin, 1903). 

2 hinglers j)olytecJin, 318 (1903), 433. 
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Permanent gas . • • • 4-H79 + 0*00053/! 

Water-vapour ... ... ••• 7 4 ;>(>-f-O'OOlKJi)^ 

Carbon dioxide . 7*771 - 1 - 0*00180^ 

It may be remarked that the increase of the mean specific 
heat of water-vapour, according to Schrcber’s calculation, is 
almost the same as calculated by Holborn and Ilcmning from 
their calorimetric determinations, the increase of the mean 
specific heat of air being taking as— 

6*0 X 10“^^ 

Langen’s own compiutation starts from the assumption that the 
mean specific heat of the permanent gases is correctly given Iw 
the formula— ^ 4.3 4 - 0*0006^ 

which Mallard and Le Chatelier derived from their explosion 
experiments, and on this basis got the above values. It is (dear 
from Schreber’s criticism that the mean specific heat of wat(T- 
vapour between 0 °and 1300^ or 1700®, as determined by Langiai, 
is relatively uncertain. The values of the mean specific IkmIs oi* 
the permanent gases are checked by Steven’s measununenls ^ of 
the ratio (k) of the two specific heats of air at high tcmpciratmvs 
made by the use of Quincke’s acoustic thermornetei\ His valium 
of k: = 1'34 ± 0 01 harmonizes well with the values which Mallard 
and Le Chatelier, as well as Langen and Schn^bcT, liavc^ (^ahni- 
lated; while its agreement with the values of Malhud and 
Le Chatelier based on the experiments with the (‘rusher 
manometer is faulty. There axe no furtluu’ rcBullH to Ik^ 
mentioned in this connection.^ We will now attempt to Hum- 
marize the various specific heat formuhe alrciady givcm, and 
also append a few additional ones. 

Lor carbon dioxide we have the following formuhe:— 

{a) = 4*33(T10“^)°‘^^’'^ according to Mallard and Le 

Chatelier (explosion method). Basis : explosive ])reHSum in gas 
explosions at 2000°, and Eegnault’s numbers. 

( 5 ) Cy = 6’5 -f 2 * 62510 ""^ according to Langen. Basis: ex¬ 
plosive pressures at 1300° 1500° 1700° The caloriim^tric 
determinations of Holborn and Austin between 0° and 800^ 
agree with this expression. 

^ For the method and for a criticism of the result by Kalahno, Hc*e IIk* 
Sixth Lecture. 

- Haiissere’s results (Fo7'schungsarbeiten auf dem Gebiet den Trignueun’' 
we&en, Heft 25 (Berlin, 1905)) are very uncertain, 
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{iS) Cy = 7 - 7714 . 0’001S9if, according to Sckreber. Basis: 
Laiigenbs aboye-menbioiied experiments. 

(rZ) = 6 ‘S -h 0-00387 according to Mallard and Lc 
Cliatelier. Basis: experiment ’with the cmslier manometer. 

{e) It should finally he added that Le Cliatelier ^ later con¬ 
cluded to formulate all specific heats on the supposition that 
the specific heats of gases under constant pressure converge 
toward 6*5 per mol at the absolute zero. The rallies which he 
therefore considered as the most probable are— 

Pemianent gases .. 6*5 + a‘0006T 

Water-yaponr. C-5 + 0‘0029T 

Carbon dioxide. 6*5 4- 0-0037T 

For water-vapour we have the following formulae:— 

(а) = 5*61 4 - 3*28^10 ^ according to Mallard and Le 
(Jhatclier. Basis; explosion observations at about 3350°, 
Ileguaiilt’s numbers for 120 ° - 220 °, cheched. by explosion 
oxx)eriments with carbon monoxide, hydrogen, and oxygen 
based on formula (^to) for OO 2 . 

( б ) Cy = 5*78 -f 2*86Q0'^ according to Mallard and le 
Cliatelier. Basis: observations with the crusher manometer. 

(c) Cl, = 7*45G -f 0*001165i(, according to Sclireber. Basis: 
La 11 gem’s expieriments. 

(c 7 ) Ca = 5'9 + 215ZlO'^ according to langen. Basis: 
explosions at 1300°, 1500'°, and 1700°. 

1 x 1 oux consideration of the water-gas reaction we are 
interested in the difference between the specific heats of carbon 
dioxide and water-vapour, and we shall use these formulae to 
compute the value of this difference for a number of tempera¬ 
tures. Further, instead of temperatures Celsius, we shall 
substitute absolute temperatures.^ 

^ 6b104 (1887), 1780; and “ Conrs de cLimie industrielle.” 
'Those axe the xalues which Herr von JUptner(Z anor^, Ckem.y 38 (1904), 63) 
iiHcd. 

The following example illustrates the metliod of calculation. Laugen 
states that— 

Ci,co 2 (betweea 0° and f) = 6*7 4- 0*0026 if 
It fuHows then that— 

(true at f) - 6*7 4 - 0*0052^ 

and that— Cbios (true at = 6*7 +- 0*0052 (T - 273) 

= 5*28 + 0-0052T 
O.CO 2 (between 0° and T®) = 5*28 4- 0*00261 


and then- 
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Hoit- 
sema’s 
considera¬ 
tion re¬ 
garding 
the water- 
gas re¬ 
action. 


We will first choose LaBgen’s values for constant volume. 

^„co. = 5*280 + 2-6 X 10-3T 
= 4*726 + 2-15 X 10-3T 

0-45 X io-^T 


Ci;C 0 :> ~ then becomes, in the interval between 0° • abs. 


and T°, equal to— 




° C. ... 1227 

1427 

1627 

1827 

T ... 1500 

1700 

1000 

2100 

Cal. ... 4-1-23 

4-1-34 

4-1-40 

4-1-50 


Secondly, we will choose Schreber’s data for constant volume— 


= 6-739 + 0*00189T 
= 6-82 + 0-0011C5T 

+ 0-000725T 

"" becomes, in the interval between 0° abs. and 

T°, ecj[ual to— 

°C. ... 1227 1427 1627 1827 

T ... 1500 1700 1900 2100 

Cal. ... +1-00 +H5 4-1-30 4-1-44 


Thirdly, we choose the values of Mallard and Le Chatelier based 
on manometer measurements— 


c,co. = 4-39 + 0’00:387T 
= 4*22 + 0-00286T 

777-0*1685’+ O-OOIOIT™ 
d-uco^ — in the same interval then becomes— 

®C. ... 1-227 1427 1027 1827 

T ... 1500 1700 1900 2100 

Cal. ... 4-1-684 4-1*886 4-2*088 4-2-280 

We will now revert to Hoitsema’s treatment of the water- 
gas reaction. Hoitsema selects the formulm which Mallard 
and Le Chatelier computed from their experiments with the 
crusher manometer to represent the change of the specific heats 
of the gases with the temperatures, and assumes them to be 
correct. With their help he calculates the difference between 
the specific heats of the gases appearing and disappearing in the 
water-gas reaction as— 
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6-5 -f-0-0038’7« 

5-78 4- 0-00286?; 

0-72 4- O-OOlOli 

On tMs basis he anives at the expression— 

Qi = -10,111 -f 0-72< -f O'OOlOli;^ 
using Bcrbielot’s Yalue for the heat of reaction at 18°, and on 
the absolute temperature scale— 

Qt = - 10,232 4- 01685T -|- O-OOIOIT^ 

Hoitsema sho\Fed that the heat of reaction must therefore 
become zero at 2826°, which is easily seen to be true when 
we substitute the value (2825 4- 273) for T in the equation just 
given. Hoitsema then recalled that the equihbrium constant 
must show a maxiinum at the place where the heat of reaction 
passes through zero. This follows from onr former equation (see 
P- 64)— 51 %^ __ Q 

dT ~ 


For, according to tlis equation, an increase dhiK will aecompany 
an increase of temperature clT, when Q has a negatiye yahie, 
loat afterwards, when Q has acquired the opposite sign at a 
higher temperature, become negative,and consequently 

the equilihrium constant must become smaller. Now, Hoitsema 
fonnd that the ratio of tlie compositions of the gases in Horst* 
in anil’s experiments on the explosions of carbon monoxide and 
liycirogen with insiifhcient oxygen shows a maximnin— 


CiT^O X CcQ 
Cir2 K Ccoo 


6’25 


He calculated, with the help of the above-mentioned specific heats, 
and xvith the help of the known heats of combustion of carbon 
monoxide and hydrogen, what the temperature of the gases in 
Hoistniaim’s experiments must have been, when the equilibrium 
constant showed this maximum. This temperature came ont 
at 2700°, which is evidently very near to the value 2825°. 

We have treated this calculation so exhaustively here Luggia’s 
because it has played an important roZe in the subsequent study 
of the question. It would seem at first sight as though its mtp-gas 
results were sufficiently unequivocal to definitely settle 
location of the water-gas equilihrium at all temperatures. Tims, 
as Liiggiu ^ has shown, if we turn to our formula— 

^ Joum.J, Gfaslel u, Wasserversorg. (1808), 718. 
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A = Q. - ,’VnT - ,"T» _ + eonst. T 

after an easy transformation -we find, for the case of equilibrium, 
where A = 0 and 

Chs X (jCOi 

»= S -1“ - “ + '■ 


The constant k' has the value 
Briggsian logarithins- 


const. 


If, finally^ wc insert 


log^OK - 2.3 X R X T 
const. 


Q f tf 

0 ~ ^ T - T 4- F 

E ^ 2-3ir ^ 


Here ¥ = Inserting numerical values, we get— 

10,232 0 ' 1685 , „ „ 0 - 00101 , 

• 2-3 X K X I -IT ^ - 2-3 X + '■ 


logio K = 


We can directly calculate the constant k”j if it is certain that 
the eq[uilihriiim constant K for the T = 2825 + 273 has the 
value 6*25. Carrying out the calculation on this basis, and 
inserting the value of ¥ obtained (putting E = 2 ) — 
ooqo 

logio K == - ^ 0*08463 logio T - 0*00022()3T + 2*4943 


If we now recur to our main formula, we may write it as— 
A = -10,232 - 0-1685TM - O OOlOrP 

- + 10-725T 

Ch, X Cco, 

Yet if we critically examine the basis of this formula, we are 
met by a series of grave objections. The correctness of the 
whole matter is evidently dependent, in the first degree, upon 
how close to the truth are Mallard and Le Chatelier’s values for 
the specific heats. Indeed, this dependence is of a double 
character; If, for instance, the specific heats of carbon dioxide 
and water-vapour vrere each slightly altered, the percentage 
effect of this change on the small difference of the two quantities 
(01685 + O'OOIOIT) would be large. But a small difference 
in the value of the second term of this expression (that is, 
O’OOIOIT) would be sufficient, at these temperatures, where Q 
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becomes equal to zero, to give entirely different numbers. If 
we assume the values of Langen as true for all temperatures, 
the difference of the specific heats of carbon dioxide and water- 
vapour is 0*554 + 0 00045T. We get, then, by a similar 
development— 

Qt = ~ 10,298 + 0-554T -f 0*00045T^ 

and Q does not became equal to 0 till at about 4000° or at a 
temperature some 1000° higher than before. 

In the second place, the values of the specific heats determine 
what temperature one computes for the gas mixture at the 
moment of explosion from the heats of combustion of carbon 
monoxide and hydrogen. Here the sum, and not the difference, 
of the specific heats comes into consideration. An inaccuracy 
in the difference by no means involves a like inaccuracy in the 
sum, and vice versa. The agreement of the maximum tempera¬ 
tures, which Hoitsema deduced on the one hand from Horst- 
mann’s gas analysis, and on the other hand from the heat of 
reaction, is therefore just as uncertain as the temperature at 
which tJie heat of reaction becomes equal to zero. 

The other basis for Hoitsema’s value is the number 6*25 for 
the maximum value, which the ratio— 

CcO X Cl igO __ -ir 
Gcoo X Ch2 

reaches in the exp)losion experiments. The calculation of 
Hoitsema can only be right, provided the ratio, after it has 
adjusted itself at nearly 3000°, in the moment of the explosion, 
does not alter during the cooling. It is, however, improbable 
that this cooling is rapid enough to retain unaltered the com¬ 
position of the gases reached at these high temperatures. 

Hoitsema himself noted that Macnab and Eistori had 
made experiments with the gases produced in the detonation 
of explosives. These are chiefly carbon monoxide, carbon 
dioxide, nitrogen, hydrogen, and water-vapour. Their experi¬ 
ments did not agree with Horstmann’s results, and could only 
be brought into accord with them by the assumption that in 
Macnab and Eistori’s experiments the gases reacted further as 
they cooled off. We should also point out in this connection 
that repetition of Horstmann’s experiments by Botch,^ and 

1 Liah. Anil,, 210 (1881), 207. 
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Harries. 
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especially by Dixon/ have given results which cannot be recon¬ 
ciled at all with those of Horstmann, and awaken the suspicion 
that the walls of the vessels affect the results of the explosion 
process to such a degree as to render such experiments value¬ 
less for calculations of the equilibrium. 

In view of these considerations, it must at first seem very 
surprising that Luggin’s formula, based on Hoitsema's compu¬ 
tation— 

OOQO 

logio K = - - 0-08463 logi^> T - 0-0002203T 4- 24943 

should fit so.well those observations of Harries, which Luggin 
Avas able to use in testing it. Harries had, at H. Bunte’s 
suggestion, passed water-vapour over glowing coals and deter¬ 
mined the composition of the mixture of hydrogen, carbon dioxide, 
carbon monoxide, and water-vapour formed. Harries’ results, 
as computed by Luggin, were as follows:— 







Gas 


K 

c. 

IL 

CO 

CO 2 

IT,0 

current. 
Litres per 
second. 

K 

obs. 

cal. 

Luggin. 

G74 

8*41 

0*G3 

3-84 

87-12 

0-9 

1-70 

0*49 

758 

22-28 

2-G7 

i 9-23 

G5-82 

1-8 

0*85 

0*70 

838 

28-68 

G-04 

i 11-29 

54-09 

3*66 

1-01 

0*98 

838 

32*77 

7-96 

' 12-11 

47-15 

3-28 

0-94 

0*98 

861 

36-48 I 

11-01 

i 13*33 

39-18 

5-3 

0-89 

! 1*07 

954 

44*43 

32-70 

5-66 

17-21 

G-3 

2-25 

1*41 

1010 

47-30 

48-20 

1*45 

3-02 

6-15 

2-12 

1*65 

1060 

48-84 

46-31 

1-25 

3-68 

9-8 

2-78 

: 1*88 

1125 

50*73 

48-34 

0*60 

0-303 

11*3 1 

0*48 

2-11 


Brom the given compositions of the gas mixture, the ratios— 

ChoO X Cco _ -jr 
Cco. X Ch, 

are first calculated for the various temperatures. Beside them 
are placed the values of K as calculated for the various tempera¬ 
tures from Luggin’s formula. Though these experiments were 
merely undertaken to determine the effect of water-vapour on 
glowing coal, and were executed under experimental conditions 
which gave no assurance of the constancy of the temperature, 

^ PhiL Tm7is, Roy. Soc., 175 (1884), G18. 
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yet, with a few exceptions, there is a surprising agreement 
between the values of— 

CiioO X Cc o 

Cco2 ^ 

and the values of K, calculated from Luggin’s formula. 

Boudouard then instituted experiments to fix more accii- Expcri- 
rately the equilibrium constant by leading carbon dioxide and ^ents of 
hydrogen into a hot evacuated vessel, which contained piatmum 
as a contact substance. After a long heating, the gas was 
sucked out, and its composition determined. The results are 
enthely useless, for the composition of the gas before and 
after the experiment does not satisfy the stoichiometric require¬ 
ments of the reaction. When, for instance, Boudouard started 
with a mixture containing 51 per cent. CO 2 and 49 per cent. H 2 , 
there must have been 51 per cent. (CO 2 + CO) and 49 per cent. 

(H 2 + H 2 O) after the experiment. Instead of this he found, 
for instance, 60*2 per cent. CO + CO 2 and 39’8 per cent. 

(112 + H 2 O). Hahn has adduced yet other legitimate objec¬ 
tions to Boudouard’s experiments. He himself^ then subjected 
the problem to a careful study. 

On the one hand, Hahn led mixtures of carbon dioxide and Expcri- 
hydrogen over platinum as a contact substance, and, on the 
other, mixtures of carbon monoxide and water-vaxDour. The 
values which he obtained in the first case for the equilibrium 
are given under (a), those in the second case under (&). The 
computation was carried out by Hahn in two ways—first using 
Luggin’s expression exactly as given, and then again using it 
after the thermodynamically indeterminate constant had been 
slightly altered (2*4943 to 2*5084). 


i 

T j 

_ 1 

a 1 

1 

^ i 

1 

Mean. 1 

1 

1 

Calculated with 
2*4943. 1 2-5084. 

fisr. 

959 i 

0*534 

_ 

j 


0-505 

0*522 

786 

' 1059 : 

0-872 

i 0-808 

0-840 

0*790 

0*851 

886 

' 1159 1 

1-208 

• 1-18G ; 

1-197 

1*133 

1*170 

986 

, 1209 

1-59G 

1*545 

: 1-571 , 

1*520 

(1*570) 

1005 

. 1278 

1-G2 

— 

1 — ! 

; 1*597 

1*()50 

1086 

i 1359 

! 

: 1*90 

- 

1*938 

2*002 

1205 

i 1478 

! 24 20 

— 


2*457 

2-538 

1405 

i 1G78 

1 2-49 

! — 

i — 

3*320 

3-433 


1 A.f. 2 )hyH, Ohemie, 44, 510 and 48, 735. 
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In the interval between 686'^ and 1086*^, Hahn’s experi¬ 
ments agree surprisingly well with the Hoitsema-Liiggin curve. 
The values for 1205° and 1405° are divergent. Hahn later 
attempted another computation in order to explain these 
divergences. He used the Le Chatelier supposition that the 
specific heats of all gases under constant pressure equal 6*5 at the 
absolute zero point. Like Le Chatelier, he further makes use 
of the assumption that the specific heats, at any temperature, 
can be approximately represented by the linear formula 
6*5 + xT, but chooses another value for x than did Le Chatelier. 
He takes 6*5 + 0*0042T as the molecular specific heat of 
carbon dioxide under constant pressure between 0° and T°, and 
6*5 + 0'0024T as that of hydrogen. Le Chatelier himself took 
6*5 + 0*0037T for carbon dioxide and 6*5 -f- 0*00029T for water- 
vapour—as we saw before. Hahn’s apparently insignificant 
change in Le Chatelier s values causes the difference between 
the specific heats of carbon dioxide and water-vapour to come out 
entirely different,^ 0*0018T being obtained instead of 0*0008T. 
Hahn did not attempt to justify his procedure by a comparison 
of his values of the specific heats with observation at high tem¬ 
peratures. He was satisfied to find that the observations which 
he had made at 1205° and 1405° upon the equilibrium appeared 
less divergent when he made this assumption regarding the 
specific heats, and consequently used the formula— 

log K = - 0*0003909T + 2-4506 

based on it for his calculation. He obtained in this way— 


Cal. K .. 

. 0*57 

0*86 

1*19 

1*55 

1-02 

1*91 

2*33 

2*94 

Found K .. 

. 0*53 

0*84 

1*20 

1*57 

(i-(;2) 

1*96 

2*13 

2*49 

fC. 

. G8G 

786 

886 

986 

1005 

1086 

1205 

1405 


^ This becomes especially apparent when we compute the value ot 
~ Ci.(n.,o )7 as we have already done above (p. 134). According to Le 
Chatelier, its value is O'OOOST; according to Hahn, 0*0018T. If we place as 


before— 
we get— 


t 

.. 1227 

1427 

1627 

1827 

T . 

1500 

1700 

1900 

2100 

Le Chatelier . 

.. 4-1*2 

+ 1*36 

4-1*52 

+ 1-08 

Halm ... 

.. 4-2*7 

4-3*06 

4-3*42 

+3-78 


While Le Ghatelier’s values uniformly accord with those of Langen, Schreber, 
and Mallard and Le Chatelier, Hahn’s values are very different, and are 
quite unconfirmed by any observation. 
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Hahn's assumption evidently does not bring observation Halm’s 
and calculation into agreement. One is therefore led to inquire 1205 ° anci 
whether these values of Hahn cannot be otherwise explained. 1405°. 
Haber, Eichardt, and Allner, who continued the study of the 
question, investigated how quickly the composition of the 
gas mixture in the water-gas equilibrium changed with 
the temperature, when it was allowed to cool without touching 
the solid walls. They found that when the temperature fell at 
r a moderate rate, the adjustment of the equilibrium took place 

with sufficient rapidity above 1600°, but not below. From 
Hahn's own observation we see that platinum lowers this 
temperature of rapid adjustment to about 700°. It is certainly 
permissible to assume that the rate of adjustment on porcelain, 
quartz, and similar solid bodies would have an intermediate 
value, for gas reactions are, in general, accelerated by contact with 
hot, solid walls. It consequently seems very probable that the 
composition of the gas mixture in Hahn's experiments changed 
at temperatures above 1100° after it had left the platinum mass 
serving as a contact substance, and while it cooled off in contact 
with the quartz walls of the apparatus. Hahn did not fail to 
consider this possibility, but by observing that he obtained the 
same results with both slow and fast streams of gas, he felt 
assured that no such changes in composition took place. This 
proof is, however, not conclusive, as ISTernst has shown. The 
temperature-fall in a gas streaming from a hot tube does not 
keep pace with the changing velocity of the gas's motion, but 
depends greatly on the thermal conductivity of the gas and 
the other thermal properties of the system. The only guarantee 
against a displacement of the equilibrium in cooling, would 
have been to have the gas pass directly from the glowing 
platinum into a cooled tube. A further uncertainty arises from 
the fact that Hahn used quartz vessels for his experiments, 
and this has been shown by Villard,^ by Jacquerod and Perrot,^ 
and by Berthelot^ to be permeable to hydrogen and other 
gases above 1100.° A statement of Berthelot makes this very 
plain. He says that 1 c.c. of hydrogen measured at atmo¬ 
spheric pressure was sealed up in a quartz tube of 5 c.c. 

1 Qomj)L Bend., 130 (1900), 1752. 

Ihid., 139 (1904), 789. 

3 Hid,, 140 (1905), 821, 
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capacity, and the tube heated for an hour to 1300^. After the 
heating, it was found that 44 per cent, of the hydrogen used 
had disappeared, while 14 per cent, of nitrogen had entered. In 
other experiments carbon heated to 1300°—1325° in evacuated 
quartz tubes, in the air, was attacked with the formation of 
carbon monoxide, showing that oxygen had diffused through the 
quartz into the tube. Indeed, we possess no material of which 
we may construct a vessel impermeable to the components of 
water-gas at temperatures above 1200°. Platinum, like quartz, 
is permeable to hydrogen, while porcelain, according to results 
of Le Chatelier and Boudouard,^ allows perceptible quantities of 
hydrogen to pass through at 1200°, and large quantities (2 mg. 
from a porcelain vessel of 60-70 c.c. contents) at 1320°, 
according to measurements by Crafts. Besides this, porcelain, 
because of a small amount of iron oxide which it usually con¬ 
tains, acts chemically on the hydrogen at these high temperatures. 

But we have direct evidence against Hahn's results above 
1086° Haber, Eichardt, and Allner have determined the water- 
gas equilibrium in open flames, and have found values between 
1250° and 1500°, which agree throughout with Hahn’s original 
calculation— 

9909 

log K = - - 0-08463 log^*^ T - 0*0002203T + 2*5084 

so that this must pass as a reliable determination of the 
location of the water-gas equilibrium between about 680° and 
about 1480°, or over an interval of 800°. 

In view of these results, it might be useful to give a ])rief 
summary of the values we should get for the equilibrium 
constant, and the change of this constant with the temperature, 

^ when we use other data for the specific heats than those of 
Mallard and Le Chatelier (from the crusher manometer method). 
We will therefore calculate the values of K— 

(1) Using the heats of reaction according to Berthelot, and 
the specific heat of carbon dioxide and water-vap>our given 
by Langen, we assume the value of K at 986° = 1*57 as 
correct. 

(2) Using the heat of reaction according to Berthelot, and 
the specific heat of carbon dioxide and water-vapour whicli 

1 Temperatures elevees ” (Paris, 1900), p. 47. 
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Schreber computed from Langen’s observations, we assume 
here, as before, that the value of K = 1-57 at 986° is correct. 
From (1) we get the expression— 

2245 

log K --^- 0-2783 log T - 0-0000981 X T + 2-9653 

From (2)— 

9010 

log K = + 0*04061 log T ~ 0-000158T + 2*0266 

I Beside this, are arranged (3) the numbers observed by Hahn, 

(4) the values derived from Hahn^s earlier formulae, and finally 

(5) numbers computed by means of another entirely different 
formula, which will be discussed further on. This formula is — 

log K = - + 0-783 log T - 0-00043 x T 




t 

.T 

1 

2 

3 

4 

5 

(:8G 

95;) 

0*50 

0*49 

0-5.84 

0*52 

0-52 

78(> 

1059 

o-7;» 

0-78 

0-840 + 0-0.82 

0*85 

0-82 

8 H(j 

1159 

1T5 

M2 

1-197 H- 0-011 

1-17 

1-19 

1)86 

1259 

(1*57) 

(1-57) 

V571 H- 0*026 

(1*57) 

1-GO 

1005 : 

1278 



1*62 

1*65 

— 

1086 ' 

1359 : 

2*04 

1 2*05 

1 1*956 

2*00 

2-04 

1205 1 

1478 

2*(;7 

2*66 

[2-126] 

2*54 

2 60 

1405 i 

1678 

3*09 

3*75 

[2-49] 

3*43 

3-48 

1500 ! 

‘ 1773 

— 

4*27 


— 

3 87 

1600 1 

! 1873 

4*70 

4 81 

— 

4*24 

4-24 

. 

' „„ __’ 



. 




We see, in the first place, tliat the numbers under (1) (up to 
1405^^ at least) do not materially differ from those under (4) 
and (2). The numbers under (1), however, are based on 
Langen’s specific heats, which, as we saw before, are wholly 
irreconcilahlo with Ploitscina’s maximum. It is evident, then, 
that tlie o]>scrvations of Harries, Hahn, Haber, Eichardt, and 
Allner do not confirm tlie existence of Hoitsema’s maximum. 
Considered alone, however, it has no significance, and may be 
diBrnisscd from (uir considciation. 

If, now, wc survey the entire question, we see that the use Tlio 
of all previously mentioned values of the specific heats in 
formula-— eally 


A = - rrlV^iT - a^'T2 


-i->ri'i/ Coo ^ 

U .;()2 X Uh.j 


4- const. T 


indetor- 

miiiato 

constant 
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leads ns to assume a large value for the thermodynamically 
indeterminate constant. Luggin calculates it, on the basis of 
Mallard and Le Chatelier’s values, to be 4-10*725. Halm’s 
observations change this number to 11,438. With Langen’s 
specific heats it becomes 13,521. Eecalculation according to 
the values of the specific heat computed by Schreber makes it 
9*24. We should expect zero instead of these values. A formula 
which would give such a value is— 

A = -9650 4- l-55mT - O'OOIQSP - 

Cco, X Chj 

A simple transformation of this formula gives the above- 
mentioned expression, by means of which the numbers in 
the fifth column of the above table were calculated. They 
agree excellently with the observed values. The quantity 
ccoo — ^HgO becomes on this basis —1*55 4-0*00195T. This 
difference of the mean specific heats between 0"^ abs. and T°, 
computed as before for a series of temperatures, gives the 
numbers— 

. 12-27 1427 1G27 1827 

T . 1500 1700 1900 2100 

Grara-cal. ... -1-1*.^7 4-1*76 4-2*15 4-2-54 

These numbers, both as regards magnitude and sign, are very 
close to those which we previously found from the results of 
Mallard and Le Chatelier, Langen and Schreber. Since it is 
precisely this interval (between 1300° and 1700°) which is best 
studied, the agreements of our assumption with the other 
formulae gives it added support. According to our formula, 
the sign of the difference changes at 522° This does not agree 
with the results of Holborn and Austin and of Holborn and 
Henning. Calculation based upon their observations shows 
that the differences between the mean specific heats of carbon 
dioxide and water-vapour between 0° abs. and T° are— 

. 527 727 927 

T . 800 1000 1200 

Gram-cal. ... 4-0*54 4-0*63 4-0*69 

The differences as calculated from our formula are greater 
at temperatures above, and less at temperatures below 850°. 
Yet in reality there is no contradiction between the two, for 
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the measurements of Holborn and his associates did not extend 
higher than 850°, and our formula does not claim to be applic¬ 
able at any temperature below 650°. But the discrepancy 
is small between 650° and 850°, and, indeed, we shall see 
in the next lecture that we, using our formula, obtain correct 
values for the energy of formation of water-vapour from its 
elements at temperatures a great deal lower than 650°. 

There is still a word to be said regarding the heat of reaction 
Qq = —9650, which we have assumed. Since we maintain the 
accuracy of our formula only for high temperatures, we are no 
longer justified in using it to calculate the value of Qq. A 
correct procedure would be to first calculate the value of 
Q for say 700° C. from its value at ordinary temperatures 
(-10,000 to —10,100 cal.), using the formulae of Holborn and 
his co-workers. From this we could calculate Qq, using our 
expression —1*55 + 0*00195T. But the heat of reaction 
changes so slowly with the temperature that for the present we 
may call Qq approximately equal to —9650 cal. When the 
equilibrium constant of the water-gas reaction and the specific 
heats of the gases taking part in it are better known, this can 
be easily corrected. Meanwhile the equation— 

A = -9650 + l-55mT - 0-00195P - . yg - 

t^C02 ^ ^112 

may be recommended for calculating the location of the 
equilibrium for high temperatures (above 650°). 

Another fact worthy of notice appears from Hahn’s observa¬ 
tions. Hahn found that the equilibrium constant becomes 
equal to unity at 830°. It follows from this that carbon 
monoxide and hydrogen are equally strong reducing agents, and 
carbon dioxide and water-vapour equally strong oxidizing agents, 
at this temperature. At lower temperatures carbon monoxide, 
at higher temperatures hydrogen, is the stronger reducing agent. 

Eeviewing now the cases discussed in this lecture, we see Conclud- 
that it is possible to consider the thermodynamically indetermi- 
nate constant as equal to zero without in any way conflicting with 
the facts. Our conclusion is not, however, a rigorous one, for we 
have everywhere found great uncertainty regarding the specific 
heats. Now, only the logarithms of the ratios of the concentra¬ 
tions enter into our equation, while the specific heats appear as 
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FIFTH LEFTHUK 


SuMi: r,\'AMFLKH <>F RKACTIONS IXVni.vrNG A fJlIANOK m THE 
NUMBHR OK MOLKOOLKS 


Tiik .Sfic^ond c'lasH of n^ao,lions, that is, reactions where ili/ is nol 
zero, hul where, iuslead the, inuulKir of inolecniles ehauf^ais 
(luring the, reaction, also riaininw a brief pnTimiuary discussion. 

presHure is heni thii gov(a*iun[( factor, w(^ shall use ])artial 
pre.HS!ireH in onr eqiiations in aecordaruje witli our previous dis- 
ouHsioii /p. o2). Tlds usa^n* is nol the, g(3Uoral one. Following 
Le (’hatcliisr and Planck, it has lujeai usual to employ so-calh^d 
“numerical (umcentrations/' These are, id(3utical with the 
partial ju’cssures when the total pressun^ is r)n(3 atmospheres 
At other presHures they are equal to the, (luoticnt of the partial 
pre,HHure over tln^, total pressurcA If we call the num{3rical 
c«aie,eiitnitionH /*, tlnaq taking as an examphi the formation of 
carlHUi dioxide — 


0 'u. 






Pco 


and 


and HO • 




Ore X P 


'■CO. X ’■ 


/Vo X Pb, Oo X P X (/U, X Ojo X 


where P siKiiilies total |ircHHurc. 

If m»w we write the expnrssiou for i,\ut energy of th(^ 
funiiatioii earhtm dioxide, using numerical (joncemirations,^ 

we, get — 

A = (.>„ - >r'TUT - a"'e - UT//;„ V f. + cou.sl,. T 

c,:„ X 4^ \/r 


* Ptuicrk’H di'flitifieii of t*qu}lit>riuni miyn (“ Tfiermodyrianuk,” 2nd (‘(Hi. 
Pior»|, para. 241 ) —■ 




T + *'/i + ' 


"(;j 


X rr'i' X T 
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multiples of their differences. That is, iri the for 

miK we have 0-'multiplied by the factor /aT, uiid multi¬ 
plied by the still much larger factor T. Two obsrTvations 
may be made in this connection. 

If we consider adherence to ilu‘ equation pr=irr as a first 
criterion of an ideal gas reaction, and the (‘f|uality of the spi'rilir. 
heats and their constancy with tla^ tmnperattin* as a sec-mid, 
then we should expect that tlu‘. ordinary gas reacticai wmild 
satisfy tlic first much bettiT than the. second c'riti-rif.n. tor 
the locjariihii of a mtio is but slightly allecled by hiiuiII ebaiigi^s 
in the separate quantities, while tln^ iiinli!pii' of a is 

very sensitive to any such changc*s. It follows fniia thin that 
the study of chemical equilibria at high tmiiperaliires oHbrs 
much better conditions for the accurate? deterniiiiiiiion of the 
specific heats of gases at these tempe^ratures than diM»8 oil her 
the acoustic or the calorimetric incdhcicL This fact is also nf 
importance in conqiaring the results of IbHlenHicinbi study of 
the hydriodic acid equilibrium wiili iht! iiroUHiift measiinuiituits 
of Strecker. To be sure, wo only get the diUhrciice of the 
specific heats from such equilibria measunuiients. But ihi* 
study of dissociations where a single gas i.s in tuftiilibriiiiit 
with solids allows iis, as wuis shown at the end of the IiihI 
lecture, to find the specific lieatB of many ga^eH proviiled Wi* 
know the siiccific heats of the solid substances and the iliHHoria- 
tion pressures. Thus carbon dioxide could bit rtitiiliefl in tlie 
dissociating carbonates, hydrogen in hydriiluii, liilrogeii in 
nitrides, and oxygen in oxides.^ 

1 Tho phenomena of “aging riiowri liy many fuilmtaiirr^ iti fcdiiuiry 
ternperatiiroH (nee, for nmtanco, HidH-r iunl viiii Cl«frdt, Z./. SH 

(1904), 378) might very consid(*rahIy eompliriit#* th*m» nt liieli 

temperaturoH. TIiih view haK lifon cspofiiilly i'ffi|iiiiini/.*?d by Wiilii^r (Z.f, 
Medrochemie(liH)t))^BM>% who invofitigfited tin* liiiiinriiiliffii of fh** 
oxides. See also in thin coniieefhm Jcinliii'« ox|ii!rirririit:4 witli Ihi* iiirbciiijifo 
of manganese, Ann. Ohrm. iVa/s., (4) 30 377. 
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HfJM!: r.X\MI*LKH i>F IlKAOTIONS INVOLVflsTa A OirANCK IN TIIK 
XlJMHKIt OF MOLKCULKS 


Tin: st^rDiid clasn of rcwictions, that ih, reactions where iili/ is not 
zt*ro, Imi where iuntead the numlKsr of inolccules changes 
fiiiriiig the nmeticni, also r(*qnireH a lirief preliminary discussion. 
Si are prcHsure is hen^ the gov(3rning factor, wc^ shall use partial 
pri'SHures in onr ecjuaticms in ac'Xiordance with our inevions dis- 
rii«siou fp. d2). This tisagci is not the general one. Following 
E* (liiUelier and Planck, it has )>ee.n usual to employ so-called 
ntiinerical concentrations.'' Th<?se an^ identical with the 
partial pnts.sun^s when the total pressurii is one atmosphorin 
At other presHuncs thc*,y arc ecpml to thci {[uotient of the partial 
pr<tsHiire, over the, total ])ressurci. If we call the numerical 
vutmniimihniH e, them, taking as an example the formation of 
earhou dioxiih*,-— 



wheie V hi*4iiilii»s total prcHsuna 

If itfov we write lie* texpressiou for the energy 
fiiniialiiiii of iiirhoii dioxide^ using numimicul comarntrations/ 

i. get — 

A - a'l'lnT - rr'"e - IVVbi.. '’*'«• x ' , + 

' r.o, X v / I ’ 


J ll.ilirIdH diTiijilieit of e<|uilii»niitn miyn Th(?rtno{lyria?nik,” 2tHl (ulit. 
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or— 

A = Qo - - <t"T^ + ETkPi - Em=-^5^ + const. T 

cco X ^2 

The result simply is, as we see, that the effect of pressure finds 
a particular expression in the term while in our usual 

notation— 


A = Qo - o-'.mT - <r"T2 - Em— ^- - V -+ const. T 

“ ^ J’co X 

nothing is specially emphasized. No use will he made of this 
rearrangement in what follows. 

After a short preliminary discussion concerning compounds 
of oxygen and nitrogen, we shall consider in detail five reactions, 
namely— 

If we take the logarithms of this expression, we obtain our formula— 

_ 7 

'S.vlnc' = Ina 4* ^v'lnH — :Zv'lnp ~ 

Plerejp represents the total pressure, and maybe combined with the numerical 
concentrations, when we obtain— 

0 = Ina + + c?wT 

Here jp' represents partial pressure, and the equilibrium constant Kp. 

Planck defines (—5) as j;~and ( —c) as in our notation. Siihstituting, 

we get— 

0 = ^ - + iv’lnTl - -iv'lnf' + Ina 


Substituting. this in the above equation, and multiplying by ET at the same 
time, it follows that— 

0 = Qo - tr'/rZnT - + (EZwa)T 

The equation then has exactly the same meaning as ours, A is given the 
particular value 0 applying to the equilibrium condition, and o-" is considered 
as negligible. Then, too, in place of our constant, there is an expression EZ^a, 
where a is also a constant chosen chiefly for convenience in calculations. 
Planck in general omits to consider the differences in specific heats at constant 
volume, and thus assumes that the heat of reaction at constant volume does 
not change with the temperature. The ‘‘ dictate of experience that an element 
has the same specific heat in its various compounds ” is considered by Planck 
himself as merely a first approximation (Z.c., para. 51). For the history of 
this principle see p. 66. 
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1. The formation of carbon dioxide from carbon monoxide 
and oxygen. 

2. The formation of water from its elements. 

3. Deacon's process for the manufacture of hydrochloric acid. 

4. The formation of sulphur trioxide from sulphur dioxide 
and oxygen. 

5. The formation of ammonia from its elements. 

The formation of nitrogen tetroxide from nitrogen dioxide is Nitrof^en 
a freq[uent text-book example of an equilibrium with an unequal fnd^lntro- 
number of reacting molecules. It has been studied by Playfair gen 
and Wanklyn/ by K. Muller/ by Deville and Troost/ by Ed. 
and Lad. ISTatanson/ by Nauman/ and by von Salet.® Gibbs/ 
Boltzmann/ van’t Hoff/ Swart/^ and Schreber/^ have treated 
the case mathematically.^^ 

This intensive treatment has been of great importance in 
the historical development of the theory of gaseous chemical re¬ 
actions. We must, therefore, at least mention it, although our 
treatment must be very brief, as it does not immediately 
concern us at present. We shall make use of the data for the 
equilibrium constant which Schreber has critically computed 
from the experimental results of the Natanson brothers. 


^ Ann. Chem. Tharm.-, 122, 245. 

Ibid., 122, 1. 

Comp, Bend., 64, 237 (1867); comp, also Beid. Ber. (1878), 2045. 

Wied. Ann., 24, 454 (1885), and 27 (1886), GOG. 

^ Ann. Chem. Pharm. (1868); suppl. vi. 205. 

« Comp. Bend., 67, 488. 

7 “ Thermodynamische Studien,” translated into German by Ostwald, 
p. 210 (Leipzig, 1892). 

8 Wied. Ann., 22, 72 (1884). 

^ ‘‘ Studien zur chem. Dynamik,” von van’t Hoff-Colien (Leipzig, 1896), 
p. 156. 

Z./, ph^s. Chemie, 7, 120 (1891). 

Ibid., 24 (1897), 651. 

Comp, also Nernst, ‘‘Theoret. Chem.,” 4th edit., p. 437. 

Schreber makes use of another definition of the equilibrium constant 
than we have chosen. His refers (1) not to formation, but to decomposition ; 
(2) not to I mol N.2O4, but to one mol; (3) his unit of pressure is not an 
atmosphere, but a millimetre of mercury. Our equilibrium constant, there¬ 
fore, bears the following relation to his:— 

V IV^ (Schr.) 



Equili¬ 
brium con¬ 
stants for 
the forma¬ 
tion of 
nitrogen 
tetroxidc. 
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We see, in the first place, that to the reaction.— 
N02^iN204 
corresponds tlie equilibrium constant— 

K 

PSO; 

This can be calculated from measurements of the density of 
the gaseous mixtures, since this increases as the formation of 
nitrogen tetroxide progresses.^ 

The following table was so obtained:— 


00. 

T 

K, 


0*0 

273*0 

8*06 

4*132 

18*3 

291*3 

3-71 

2*598 

49*9 

322*9 

1-116 

0*218 

73*6 

346*6 

0-644 

, - 1*207 

99*8 

372*8 

0-273 

1 

1 - 2*568 

1 


We can easily calculate the degree of dissociation at a given 
total pressure P of the mixture from the equilibrium constant 
Kp, if we remember that the total pressure is simply the sum 
of the partial pressures— 

P = 

We can further see that if x represents the degree of dissociation, 
1 ^ X is the fraction of the mols of tetroxide originally present 
still unchanged, and 2x the number of mols of dioxide which 
has been formed. The total pressure is therefore exerted by 
(1 — x) + 2Xj that is 1 4 - jr mols. The partial pressure PnOs is 
exerted by 2x mols of Isr 02 , and the partial pressure P^gOs is 
exerted by (1 -- i»)N 204 . But since the partial pressure bears 
the same ratio to the total pressure as the mols of gas 
producing it do to the total number of mols, it follows that— 

JNO, _ 2 a! ^^,04 _ 1 - « 

P “ “ 1+ ^ I" ~ 1 + « 

1 For the relation of partial pressure and density in this case, see Nernst, 
“ Tlieor. Chemie,” 4th edit, p. 437. 
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E 

the value or about 1. Schreber computed the former at 

Planck's suggestion, making this assumption. He found in this 
way that Qo = 6566 cal. The heat of formation of J mol 
from 1 mol ¥02 at constant pressure would therefore be 
6860 cals, at ordinary temperatures. Actual calorimetric 
measurement gave the smaller number 6450 cal. 

If we insert in our formula the value 6566 for Qo and ^ 

for apy we get a very large value for the constant, namely 
— 14*3. The assumption that av equals zero, which is 
responsible for this large value, is, however, an improbable 
one. Experience has shown us that the specific heats of 
condensed gases at constant volume are generally smaller 
than the sum of the specific heats of their components. This is 
evident from the following examples taken from a compilation 
in Berthelot’s Thermochimie (all the values refer to ordinary 
or slightly elevated temperatures):— 


True specific heats 
of the components. 1 


of the compound. 


Const, pressure. 


CO + ^0^ 
1-12 + 40 , 


6-83 + 3-41 
10*24 

6*82 + 3‘4l 
10*23 


P, + §H2 

C,!!, + Bril 


3*42 + 10*23 
13*65 

9*7 4* G*64 
16*34 


Const, vol. 

Const, press. 

Const, vol. 

7-20 

8-5'J 

6*61 

7*25 

S-C5 

6*67 

0*69 

8-51 

6*53 

12*37 

12-1 

10*3 


It is therefore easy to believe that the specific heat of nitrogen 
dioxide at constant volume perceptibly exceeds that of I mol 
of nitrogen tetroxide. 

Difference According to the Natanson brothers, we may take 1*31 as 
speciL specific heats of NO 2 at constant pressure and 

heats in constant volume. It follows from this that the specific heat at 
nUro^en^^ Constant volume amounts to some 6*4 per mol ¥02. It is then 
tetroxide. very like that of carbon dioxide and water-vapour. If we 


t 


I 
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estimate the specific heat of the tetroxide at constant volume 
as about the same as that of ethylene bromide, that is about 10 , 
then the difference of the specific heats of 1 mol ^02 and I mol 
N 2 O 4 at constant volume should be 1*4, and at constant pressure 
2‘4. If, then, we put the difference a-'p = 2*4, it follows from 
the experimentally determined values of the heat of reaction 
at ordinary temperatures (Qt = 6450) and constant pressure 
that Qo = 5730 cal, and we obtain— 

ninKp = ^ - 2AlnT + const. 

It is easy to show that the assumption of the small value - 3*6 
for the constant will now yield values of concordant 

enough with the value in the table. We thus obtain— 


oc. 


0 ° 

18-3 

49-9 

73*6 

99*8 


according to 
earlier tables. 


4*213 

2*598 

0*218 

-1*207 

-2-5G8 


R^nK;, 

calculated. 


4*00 

2*46 

0*28 

- 1*11 

-2*44 


Wc could not expject a more precise argument, because in the 
temperature interval we are considering the gases are very near to 
their point of condensation. Indeed, nitrogen peroxide liquefies 
at ca. 25"^ under atmospheric pressure. The maximum work, as 
well as the specific heat, agrees only roughly wdth the funda¬ 
mental laws in the neighbourhood of the condensation point.^ 

This case is typical from a chemical point of view with Cases ana- 
a whole series of other reactions. However, they can hardly that^oV*^ 
be called real gas reactions, although they may be treated nitrogen 
according to the same principle. I may mention the formation ^ ^ 
of the “ addition jiroduct/’ methylether hydrochloride. 

^ If we attempt to calculate the velocity of sound in this gaseous mixture 
on the basis of our assumptions regarding specific heats, wo get results entirely 
at variance with the experimental values obtained by the Natanson hrothers. 

Indeed, we should not expect an agreement in the light of the above con¬ 
sideration. Swart {Lc.) treats this case without the use of the fundamental 
gas equations. 



THERMOD YNAMICS 


‘‘ Molecu¬ 
lar com¬ 
pounds. 


IS4 


H 


HCl + CH 3 -O.CH 3 = CH 3 ~ 0 ~ OH 3 


Cl 

Friedel ^ has studied the dynamics of this reaction experiment¬ 
ally, and Wegscheider^ theoretically. Phosphorus pentachloride,^ 
ammonium chloride, and ammoniuni carbamate all dissociate 
readily when heated, and therefore also belong to this class. 
These cases are generally explained by assuming the breaking 
of weak, but real, bonds between the phosphorus trichloride and 
chlorine, the hydrochloric acid and the ammonia, and between 
the carbamic acid and the ammonia. Where such an assump¬ 
tion does not agree with the current conception of valence, as 
in the case of acetic acid, which, like nitric oxide, shows a 
marked tendency to polymerize^ just aljove its boiling-point, 
‘‘ molecular compounds are assumed. Other explanations are 
sometimes made use of, and oxygen furnishes us an illustra¬ 
tion of this. As long as the idea of divalent oxygen was adhered 
to, the hydrochloride of methylether was called a molecular 
compound. But now it is considered to be a salt of hydrochloric 
acid and methylether, since von Baeyer and Villiger^ havci*aiscd 
the idea of a tetravalent oxygen to the rank of a 2 )rinciple. 

In the final analysis the question depends fundamentally 
on the equilibrium constant. If the equilibrium constant of 
a substance at ordinary temperature is as a rule rather large 
in its divalent condition, but small in its tetra- and hexavalent 
condition, then the latter is difficult to prepare and of limited 
stability. When we do get such a compound it is spoken of as 
a molecular compound, in order not to conflict with the simple 
divalent idea. The heat of reaction has a determinative influence 
on the magnitude of the equilibrium constant at low tempera¬ 
tures, because the terms and a'T in our formula do not 

1 Friedel, Bull.soc. chim., 24, 160, and 241 (1875). 

2 Wegseheider, Sitztingsher. Wiener Akad., 108 (1899), p. 119. 

3 For a historical and mathematical treatment of this case see Wegseheider, 
Wmier Ahad.^ 108 (1899), p. 76. 

^ For data and calculations sec FTernst, ‘‘Theoret. Chein.,” 4th edit., p. 
480. 

^ BerJ, Ber., 34 (1901), II. 2680. 



REACTIONS WHERE NO. OF MOLECULES CHANGES 155 

become large till high temperatures are reached. Actually, then, 
we only consider substances to be molecular compounds when 
their formation is accompanied by a small evolution of heat. 

Thus any sharp division into real and molecular compounds is 
a thoroughly arbitrary one. 

In this connection the case of nitrogen tetroxide gives 
occasion for yet another observation. The dioxide formed by 
the dissociation of the tetroxide can itself dissociate farther into 
nitric oxide and oxygen. The equilibrium constant for the 
formation of tetroxide is very small, even at 150°, and the 
tetroxide is therefore almost wholly dissociated. The equi¬ 
librium constant of the reaction— 

NO + O^jNOs 

on the other hand, is still large at this low temperature, and the Nitrogen 
dioxide is consequently stable. Eichardson’s^ measurements of 
the vapour densities of nitrogen dioxide furnish a basis for 
evaluating a formula for this reaction similar to that just used 
in the case of the formation of dioxide from tetroxide. The 
dissociation of the dioxide amounts to only 5 per cent, under 
atmospheric pressure at 184°, while at 600° under atmospheric 
pressure it is practically complete. 

We recognize in its much higher heat of formation the chief 
reason for the stability of the dioxide. The heat of formation 
of 1 mol NO 2 from NO + 0 amounts indeed to 13,100 cal. at 
ordinary temperatures. 

One might now conclude that nitric oxide, too, would Nitric 
decompose into nitrogen and oxygen at still higher tempera- 
tures. But that is not the case; for, as we saw in the preceding 
lecture, the equilibrium constant of the formation of nitric oxide 
from the elements is very small at 1800°, and decreases from 
there on. 

Nitric oxide is therefore stable below 1800°, simply because 
the velocity of its decomposition is extremely small. If the dis¬ 
sociation of nitric oxide did not have such a specifically small 
velocity even at the most intense white heat, nitrogen tetroxide 
when heated would not decompose into nitrogen dioxide, and this 

1 Journ. ahem. Soc., 51 (1J^87), 397; and Nernst, ‘‘Tkeoret. Gliem.,” 

4tli edit, p. 438. 
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Nitrous 

oxide. 


Case I. 
The forma¬ 
tion of 
carbon 
dioxide. 


in turn into nitric oxide, but both would dissociate directly into 
the elements. 

Finally, nitrons oxide, like nitric oxide, is certainly stable 
at high temi3eratures. Like nitric oxide, too, its formation at 
ordinary temperatures is accompanied by a large absorption of 
heat ( —18,500 cal. per mol NO 2 at constant pressure). Yet wo 
know that at 900° it is almost completely dissociated into its 
elements.^ Perhaps the temperature in which it can be formed 
from the elements to any considerable extent lies very much 
higher, and it would be interesting to determine whether it 
too is formed when nitric oxide is produced in the electric arc. 

The discussion of those cases which are of more immediate 
interest to us may well be opened by a consideration of the 
dissociation of carbon dioxide. 

Sixteen years ago Le Chatelier ^ made certain calculations 
concerning this reaction, in the course of which he derived a 
table of the degrees of dissociation of carbon dioxide. The table 
has become widely known in scientific literature because of the 
convenience with wliicli it can be used. Its experimental 
basis ^ consists of three sets of observations—Deville's analysis 
of dissociated gases; Mallard's and le Chatelier’s measurements 
of the explosion pressures developed when carbon monoxide and 
oxygen unite in closed vessels; and density determinations of 
carbon dioxide at high temperatures. 

Le Chatelier (/.a) states that H. St. Claire Deville found, 
with the help of his cold-hot" tube, that carbon dioxide is 0*002 
dissociated at ca. 1300°. Deville's '' cold-hot" tube^ was simply 
a porcelain tube through which a brass tube filled with flowing 
water was inserted. The porcelain tube was heated from without, 
the gas being contained in the annular space between the two 
tubes. Deville was able by means of this simple and elegant 


^ Victor Meyer and Langer, “ Pyrocliemisclic Untersuchungen. Con¬ 
cerning its beliavioiir at 520° see Bertlielot, Comp. Rcnd.^ 77 (1873), 1448; 
Bull. soc. cliim. (2) 26, 191. 

2 Ann. des Mines, (viii.) 13 (1888), 274; Z. f. ^hys. Ohemie, 2 (1888), 
782 ; Nernst, Theoret. Chem.,” 4tli edit., p. 443. 

Trevor and Kartright’s discussion of this matter was not available to me 
in the original {Ame^Hcan Ohem. Journ., 16, 782). For the use of Le Ohate- 
licr’s numbers in calculating the oxy-hydrogen cell, see Preuner, Z.f.jphys. 
Chemie, 42 (1902), 50. 

^ Ann. Ohem. FJiarm.^ 135 (1865), 94. 
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‘ii-tf'ct iiualifutiwly, iml. imly Um <iis^i.(:iuii'Oi nfcarlMiu 
iliuxi)ti‘uinl Hiuiniiui.'i, litit. ulso of monoxidi',* 
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thewh'ile te a teinpcralure winch he did n<it measure!, bid. which 
he ediniated with iii.s eve to be abunt IMUtl . A rapid stream nf 
car!iendi..\idewas ke].t |ias.dnq tiinniqhthc inner tidu! and into 
a siilntinn "f putassinm bvdiate: T't'b'i litre;; of carbon dioxide' 
wme- ]ia:<sed ihroiinh flic tube in an hour. Afti-r a,bsor]iHon in 
the caustic p*ita-h a ita e*ou;s rci^ielnee ol JU .ib e.f!, re'iiuiiueeel, 
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to a eiisHoeiatiou of betue'cn tr(ld!:i ami (l■0(i2^., or in roiiml 
number!! of alioul tl'iHdJ, I/' ('hutedii'r ewideidly hml thin e'x- 
perime-id in miml in makim,' the above* slatenn'nt. Hut De-vilb' 
liimwlf rcniarke'd that pe-rhajis tin- iliMsociation caini' out too 
small bcean.m* of a rfiimhintition of the pasej! an then' eionleel. 
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that, at. hnfjttsl. point ttin wta’<‘at. 

iiio4. liuf inon* than i\vo»thir«lH f‘.omhinnjl. 

T1ii*h>' i*\‘pf*riiin*jits form a hi'aniiful qualiiativn, illimtnition 
c*r tlio ilhvMH'hitUni (if at vary hnnpcn’altnv.s 

ami tla*ir rfiMiiiihiiiatinn coolini^n Pmt ih(n*r ((uuntiiafiv(5 

i*^4litfhf. Uo.vilh* mixfh nitna^an with hi.H initial ^ni.soa 
ill nr*!»T tomitmah’ tlia proyn’a ;h of tho, (’a.rhon (lioxi(l(‘, forma- 
linn from ihf iiiori‘ri.'«o f>f nitroyon ai tim tuho, wan plannd 
lii'hiiT a,n»i liinhor ahovo tlio month of tIm Imrmn*. In principle, 

I lie a»liiii\l nr»’ of air aho\e the ci>ne <io(‘i not cauai*. any din- 
turhaficc, hrraii'o we may coii idcr ila* pa‘.ea ;mck(‘(i oil' an a 
mix!lire of air ami (paiiiallvi hunit ori'pnal pan, ami calculat(* 
fmiii ila' km»wii emiipo ifion of hoth, tla* amounfa of earli 
cniiiponnii! preumf. Vet actually w(* an* unahh* to pjp, any 
ii:a‘ful rcailta from thia aorl of eompniaiion. Ixven at the* 
hotted pnini, where iio outer air m auppoaeii to havi* ctniered^ 
we find llial - 

Frmii ItiH VoIm, of initial pan mixtun* | ^ ^ ^ ^ ^ 

CMiitainiiip . ... f 

-T-i v,0. ,.r u.r )iual_; 5 u mi.xtur.! ) j.., 

weft* formed, eontainiiiji , , , . f 

And tiifU'e hiifi thej'itforn Inatn con- I e / i 

, f 4;ro I ' J Zo'o V /y 

lainmd 

The aiiioinif I of nirhon immoxide and oxypim whieh disappe^ared 
iiiiml aland in t,!ie Hfoifdnoifietric ratio of 2:1, which, a?4 w(^. mcc, im 
only approximafely the cane. In a repi‘litam of the experiment 
it Would iieein ndvi^alde to lei I la* llaimt ntnke into the cavit.y 
of a -f/v///#r/ etiiihiip taihe in order to pre.vent lim analytical 

niiccii ihitie. aiidiip from the dilfercnt iiolnhililie,4 of tin! 
pm eon i cMintitin wmfer, whieli prevented ftcvilk* from 
iiiakiii:,^ aiiv de|orifiiiia.tioii of the eaiitmi dioxide. Sim*e flat 
iiiifial pa l. mixture hrinp ^ with it all tlie oxyrnm needed in ila* 
eoiiihii lion, it wanilii af-o aeem advi "aldi* to (iitiridy exclude 
tlic I'Xierital cKvrfioie an, for iir^lanee, Haher, PiehardF and Allner 
done. Kurt her, the. tiih«* for removiup the 011 * 40:4 from l-lu* 
flame Mhoiild liaxe moie fa\‘mirahle reiatiw* diimmaioiiji, no fhaf 
till* little fhtme hhoiild m*i he fiio prmillj dttforimui hy tin* thiek 
eofiliiip tiihe. Still, from the panen wldfdi Ihwilh.*, remioved 
fpuii the hoiiinit pari of the flame, we eonehide that .lome dH 
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vols. of CO 2 [mean of 49'3 and 2 (23-1)] are present with 
151 vols. CO, lO'O vols. O 2 , and 2-3 vols. Fa- If vp-e assume 
that this composition represents the equilibrium condition, 


K = IPCO2 

Pco X pL 


0'637 

0199 X 0133* 


8-7 


Le Ohate- Le Chatelier concluded from Deville’s experiments that the 
degree of dissociation of the carbon dioxide at the hottest point 
Deviiie’iT of the flamc amounted to— 


experi¬ 

ments. 


CO”+ CO 2 


= 0-4 


giving an eq^uilibrium constant of 3*67. It is, indeed, very 
difficult to fix on any exact value of the (assumed) equilibrium 
in Deville’s experiments. That Le Chatelier had no better data 
at his disposal on which to base his calculations of the dissocia¬ 
tion, illustrates the paucity of our knowledge in this field. 

Yet the uncertainty regarding the value of the equilibrium 
constant itself is even less than the uncertainty regarding the 
temperature at wliich the equilibrium was established. Dcville’s 
statements about the temperature at various heights places us 
in a most difficult position. In the upper parts of the flame 
where the temp>eratures are estimated with some definiteness, 
we are sure that there is no equilibrium, for the reaction 
velocity is not sufficiently higli4 But in the lower parts of the 

1 Wc know, far instance, that gold melts at 10G5° ± 10® according to 
the critical diBCusBion of all measurements given by Le Chatelier and 
Boudouard [“ Temperatures elev^es,” (1900), p. 81]. If, then, at the melting- 
point of gold there was observed to be present G-2 ptH. of CO, 28*1 pts. Oo, 
and C5*7 pts. No, this indicates that the dissociation is greater at this tempera¬ 
ture than Devillo found it to be in his previously mentioned experimeiitB at 
1300°. If wo overlook the oxygen for a moment, and only observe that in 
the initial gas 64*4 c.c. CO was present to every 2*3 parts of Nj,, while at the 
point under disciiBsion (54 mm. from the mouth of the luirner) there is but 
0*218 c.c. CO, we see that more than 64*182 c.c. COj, cannot be present besides 
this 0*218 c.c. CO. Actually the amount of carbon dioxide must bo much 
smaller, because, as the high content of the oxygen shows, a large part of the 
nitrogen comes from the air. Yet 0*218 c.c. CO to 64*182 c.c. CO^ would be 
more than would be loossible according to Deville’s results in his experiments 
with porcelain tubes, especially in the presence of much oxygen. It is not 
to be wondered that the equilibrium cannot keep pace with tlie falling 
temperature in the up>per parts of the flame, when we remember that the 
flame-gases must have a velocity of about 10 m. per second at the mouth of 
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flame where the reaction velocity is probably great enough, the 
statements are not sufficiently precise to permit us to estimate 
the temperature with any accuracy. 

To fill this gap, Le Chatelier made use of some explosion Mallard 
experiments which Mallard and he had carried out with 
mixtures of carbon monoxide and oxygen. As mentioned in explosion 
the previous lecture, they exploded these mixtures in closed 
vessels, and measured the pressures developed by means of a 
registering manometer. In a series of six experiments they 
were able to depress the temperature of the explosion to as low 
as 2000° by the addition of large amounts of carbon dioxide. 

The addition of carbon dioxide also had the effect, through its 
mass action, of driving back to a minimum slight dissociation 
of the carbon dioxide already present. From these experiments, 

Mallard and Le Chatelier obtained 13'6 as the mean specific 
heat of carbon dioxide between 0° and 2000°, and by combining 
this value with Eegnault’s values at ordinary temperatures, 
they got the experimental formula for the specific heat of carbon 
dioxide given in the previous lecture. We will explain the 
relation between the maximum explosion pressure and the 
specific heat a little more minutely. If at the temperature The reia- 
Ta for every | mol of carbon monoxide and every J mol of 
oxygen, 2 ; mols of a foreign gas are forced into the bomb, then explosion 
after the combustion there will be left | mol of carbon dioxide 
for every 2 : mols of the foreign gas. If the pressure of the gas explosion 
before the explosion is Ra, then after the explosion, and after all 
the heat generated has been dissipated, the pressure will be— 




^ + z 
l + z 


the burner to permit a consumption of 47 c.c. a second. In the flame itself 
the cross-section of the hot mass is greater, but the volume, too, is much 
greater because of the higher temperature, and the air carried along with it 
increases it further. The velocity will therefore be of the same order of 
magnitude as at the mouth of the burner. Now, since the temperature in 
Deville’s flame evidently decreases hundreds of degrees per cm. rise, the 
equilibrium constant would have to change enough to correspond to a 
temperature change of several hundred degrees in a thousandth part of a 
second. According to the experience of Haber, Eicliardt, and Alliier, this 
cannot safely be assumed to take place at a temperature beneath 1600°. It 
may be that the reaction velocity of the formation of 00^ is much higher than 
that of the water-gas reaction. But near the melting-point of gold both reactions 
are certainly slow. 

M 
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If the maximum pressure V was attained ^ during the explosion^ 
then— 

P:^ = Te:T, 

where Te signifies the maximum temperature. Thus we find— 

= .... ( 1 ) 

R Pa t + ^ 

On the other hand, the cj[uantity of heat Q is set free in the 
formation of | mol CO 2 from the | mol CO and I mol O 2 , and 
this heats the | mol CO 2 , together with the z mols of the 
foreign gas, from Ta to %. This yields the eq[uation— 

fQ = (§4 + zd',){Te - Ta) 

c\ is here the specific heat of carbon dioxide, and that of 
the admixed foreign gas. If this foreign gas is simply carbon 
dioxide, as it was in Mallard and Le Chatelier’s experiments, 
the equation simplifies to— 

|Q=(t + ^)6>«(Te~Ta) .... (2) 

Taken with (1) this equation permits us to evaluate Tg and a,. 
The specific heat deduced in this way, is the mean specific 
heat per mol CO 2 at constant volume between the temperatures 
Ta and Tg. 

Mallard and Le Chatelier carried out four other experiments 
at temperatures where the dissociation had become perceptible. 
In one they added a given relatively small quantity of carbon 
dioxide as a foreign gas, in a second they added carbon 
monoxide, and in a third nitrogen. In a fourth decisive 
experiment they took pure carbon monoxide and oxygen in 
equivalent amounts, no foreign gas being present except 1*2 
vol. water-vapour to every 100 vols. of the explosive mixture. 
At these temperatures, the calculation is somewhat different. 
Only the fraction x of one volume of the explosive mixture 

^ More accurately, we cannot call the observed maximum pressure the 
real maximum pressure without making a correction for tliat little heat which 
is radiated to the walls of the vessel during the combustion. Mallard and 
Le Chatelier estimated this correction in a very roundabout way to be 4 per 
cent. The highest pressure observed, increased by 4 per cent., then repre¬ 
sents the maximum pressure P used in the above questions. Fliegner 
believed this correction to be an entirely mistaken one (sec his criticism 
previously mentioned, p. 123). 



REACTIONS WHERE NO. OF MOLECULES CHANGES 163 


now combines at the highest temperature, while 1 ~ a* vol. The 
remains dissociated. If we imagine the gas to be cooled down 

. 00 between 

to Ta Without any change in the degree of dissociation, tlien the explosion 


pressure p after the explosion is now connected with the initial 


pressure by the equation— 




degree of 
dissocia¬ 
tion. 


This follows from the fact that if f^x mols of carbon monoxide 
plus I mol of oxygen disappear, mol carbon dioxide is formed. 
The relation of maximum pressure to ma^mum temperature is 
then given by— 


p 


Pa -h z — ^x 


(la) 


and the equation connecting the quantities of heat becomes— 


•I^Q = 1(1 x)c: + zej' + ixcr}(% - T^) . (2«.) 


Here is the specific heat of the explosive mixture of carbon 
monoxide and oxygen, Cy" the specific heat of the foreign gas, 
and Cy" the specific heat of carbon dioxide, all between the 
temx>erature T/ and Ta°, and at constant volumes. Knowing 
d/j Cy'^, and we can calculate the value of x, the degree of 
the combination’' of the carbon monoxide and oxygen.^ 

When Mallard and Le Chatelier came to make their calcu- 


1 This, however, is by no means unconditionally true. If we combine 

P 

etpiation (la) and (2a.), then, knowing - , T„, Q, and the specific heats, wo 

obtain a cubic equation for T,. But this cubic equation does not always bavo 
a root which will satisfy (la) and (2a). The following is an illustration of this. 
In Mallard and Le Chatelier’s final experiment was » (water-vapour) = 0*012, 
P 

= 9*95, and = 273. If wo call Q at ordinary temperatures equal to 

Pn 

68,000, and introduce the specific heats at constant volume between 0° and 
as determined by Mallard and Le Chatelier in their experiment with the 
crusher manometer, 

Cv (permanent gas) = 4*76 4- 0*00122^ 

Cy (HjjO vapour) = 5*78 + 0*00286 
Co (carbon dioxide) = G*5 4- 0‘00387<{ 

we get the cubic equation for Centigrade temperatures 

f ~ 1156*7^2 - 24,743,970^ + 62,507,297,500 = 0 
One will try in vain to find a value of t which will satisfy this equation 
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lations, they were apparently confronted with a serious difficulty. 
Their experimental formula for the mean between 0~ and 2000° 
specific heat of carbon dioxide, based on the above-mentioned 
data of Eegnault and Wiedemann at ordinary temperatures and 
on their own undissociated explosions’' at 2000°, was their 
sole means of calculating the specific heat at these very much 
higher temperatures. That is, they must extrapolate without 
having a sufficiently precise basis to work from. They dis¬ 
cussed. no less than five possible formulse^ for the mean 
specific heat of carbon dioxide between 0° and f at the constant 
volume. These were— 

6*3 + 0-00564/ - 0-00000108/2 
6-3 + 0*006^ - 0-00000118/2 
6-26 + 0-00367/ 

4-74 X (T X 10“2):l 
4-33 X (T X 10'2)0'26^ 

They chose the last. 

Since the amount of water-vapour present was small, it 
mattered little what value was selected for its specific heat. The 
specific heat of the carbon monoxide-oxygen mixture is that of 
all permanent gases. Mallard and Le Chatelier used the formula 
4*8 + 0 006/ (mean specific lieat at constant volume between 
0 and f) to express the results of their varied observations. 
Extrax)olating on this basis, Mallard and Le Chatelier came to 
the conclusion that the temperature in the explosion experiment, 
where 1*2 vols of water-vapour was mixed with 100 vols. of 
CO 4* JOg was 3130° C., and that the degree of combination 
was 0*61. The degree of dissociation was therefore 1 ~ 0'61, or 
0*39. We should remember, too, that the maximum pressure 
was some 10 atmospheres. 

Le Chatelier returned to these old numbers when he came 
to study dissociation pjhenomena. In the mean time ^ he had 
discovered the remarkable fact that it was possible to express 
the specific heats per mol of the most diverse gaseous systems 
at constant pressure, at least approximately, by the formula— 

= 6-8 + a(t + 273) = 6*8 -f aT ' 

1 Compt Rend., 93 (1881), 1014; Ann. des Mines, 4 (1883),p. 524; ibid.. 
pp. 625 and 626. 

2 Comjjt Rend., 104 (1887), 1780. 









REACTIONS WHERE NO. OF MOLECULES CHANGES 165 


Le Cliatelier puts the coefficient a at zero for permanent gases, 
and at 0’0072 for carbon dioxide. It follows from this assump¬ 
tion that the mean specific heat per mol of carbon dioxide at 
constant x^ressure is— 

= 6-8 + 0-0036T 

where 6*8 is taken as the specific heat of all permanent gases at 
constant x)ressure. Le Chatelier appends the remark that one 
may express the true specific heat of the permanent gases by— 

= 6*5 + O’OOOST 

and hence that of carbon dioxide by— 

= 6-5 + 0 *00441 

However, he laid no stress on this remark, but took the 
specific heat of the permanent gases as constant, and hence 
the specific heat of carbon dioxide as 6*8 + 0*0036T. He has 
evidently computed the earlier experiments of Mallard and 
himself on this basis, for he now remarks that the degree of 
dissociation comes out as 0‘34, and the temx)erature as 3300^ C. 

From all the facts, Le Chatelier concludes that the tempera- xjncer- 
turc of Deville’s flame was 3000° C. It is imx^ossible to tell 
whether this is merely a rough estimation, made by subtracting licr’s esti- 
10 per cent, from the explosion temperature of 3300°, or not. 

There are three aspects of the matter to be considered— 

(1) Though we admit that the whole method as described (i) The 
is capable of yielding correct values for the temperature and 
the degree of dissociation, it still does not follow that the the cquili- 
degree of dissociation found represents equilibrium conditions, 
According to Mallard and Le Chatelier, the explosion experi- tain, 
nicnts with oxy-hydrogen mixtures in closed vessels show 
absolutely no dissociation. Even if we fiind dissociation to 
take place in the carbon rnolioxide-oxygen explosions, we 
cannot be quite sure that this dissociation corresponds to the 
formula— 

CO+ 0^002 

The formation of carbon dioxide from carbon monoxide and 
oxygen seems to proceed in several stages, just as the formation 
of water from the elements does. The fact that a dry mixture 
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r66 

of carbon monoxide and oxygen does not explode/ and the fact 
that the velocity of propagation of the explosion wave in a 
mixture of carbon monoxide and oxygen is strongly affected by 
the presence of water-vapour, support this view. It is reason¬ 
able to suppose that a reaction of this kind taking place in 
several stages might yield different results in an explosion bomb 
than it would in a freely burning flame. The pressure and the 
velocity with which the explosion is propagated are constant in 
the inner cone of the flame, but variable in the explosion bomb. 
So long, therefore, as we know nothing further about these 
circumstances, we cannot be sure what equilibrium temperature 
we are to assign to the samples of gas which Deville drew off 
from the hottest part of his flame. 

(2) If we overlook the above objections, we may still ask 
whether or not the maximum temperature calculated from the 
pressure developed in any explosion is directly comparable with 
the temperature prevailing in a stationary flame. The extreme 
temperature which we compute from our pressure measurements 
is the average of the temperatures prevailing in all parts of the 
explosion bomb, and they will be widely different. In explo¬ 
sions where no dissociation ensues, we may, of course, take this 
average temperature as a true homogeneous temperature without 
limitations. But in explosions which give rise to dissociation 
the case is different, at least where we come to calculate the 
maximum temperature and the degree of dissociation in the 
above-mentioned way. For the degree of dissociation does not 
change in so simple a way with the temperature, nor in so 
slight a measure as do the specific heats. So this uncertainty 
is bound to creep in when we try to estimate the temperature 
of Deville’s flame from explosion experiments in a bomb. 

(3) Aside from (1) and (2) there still exists the question 
whether enough allowance has been made for the effect on the 
combustion zone of the thick, cold silver tube running right 
across Deville’s flame. It is a well-known and fundamental 
experiment in the theory of illumination that a cold vessel 
when introduced into a luminous hydrocarbon flame makes 
it nSn-luminous, because it cools it off. If a basin with a flat 
bottom be filled with water and brought into a Bunsen flame, 

1 Dixon, mi, Trans,, 175 (1884), 630; M. Traube, Ber. d, d. Ohem, Ges, 
15 (1882), G66; Dixon, Joum. Ghem. Soc,, 49 (1886), 95. 
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we can actually see the cooling effect, for the flame never 
touches the bottom of the basin, the gases being so strongly 
cooled that they cannot unite.^ 

This cooling effect would be immaterial in our case if we 
could assume that the reaction in the hottest zone progressed 
instantaneously to equilibrium. But no matter how great a 
velocity of chemical combination we assume at that point, it 
can never be so great that a massive and cold body will not 
have time to absorb some heat from the gases during the 
reaction, and so lower the temperature of the combustion. We 
must admit that this cooling effect amounts to less in this 
particular case than it would in a flame where the dissociation was 
less (CO and air, for instance), because the recombination of the 
gases on cooling yields fresh heat, and so acts like a brake on the 
falling temperature. But this objection, nevertheless, increases 
the uncertainty regarding the temperature of Deville’s flame. 

Not long after his computations of dissociation, Le Chatelier Lo Chate- 
obtained new values for the specific heats at constant volume g^teniGnts 
from his experiments with the crusher manometer. These in regard 
seemed better suited as a basis for calculating the dissociation 
of carbon dioxide than previous ones.^ In the experiments 
mentioned above, dissociation became appreciable at 2000°, but 
the high pressures in the crusher manometer prevented any 
dissociation taking place even at very high temperatures, and 
this allows us to extend our calculation of the specific heats 
over a much longer range. However, Le Chatelier does not 
seem to have undertaken a recalculation using these new values. 

After he had made a final revision of the specific heats of gases 
in the light of his theory that at constant pressure the specific 
heats of gases should all converge towards 6*5 at absolute zero, 
and had expressed the specific heats of carbon dioxide and the 
permanent gases as 

^p(C02) — ® ^ “b 0*0037T 

^Kperm. gases) = 6*5 + 0*0006T 

1 Haber, Habilitationsschrift ” (Municli, 1896), published by Oldenbourg, 

1896, sec. 3. “ Ueber die Verbrennung an gekUlilten Flachen.” 

2 We must indeed admit that the accuracy of these measurements all 
depends on how well we can separate the static pressures we are looking for 
from the effect of sudden impacts. For the theory, and a more detailed 
explanation, see the Sixth Lecture. 
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he apparently never returned to the (Question of how much 
carbon dioxide is dissociated at high temperatures. 

We have mentioned yet a third method of measuring the 
dissociation of carbon dioxide, namely the determination of its 
density at high temperatures. Dissociation increases tlie volume, 
and therefore decreases the apparent density. It is not easy to 
carry out accurate density determinations at high temperatures. 
It is much easier to oljsorve the dissociation by some such 
arrangement as Dcville used at 1300°. We are not, therefore, 
surprised til at neither Bottcher,^ worhing at 1400° nor Crafts at a 
somewhat higlier temperature, were able to detect any dissocia¬ 
tion of carhon dioxide. Victor Meyer and Danger {l.o) then 
repeated the density determination at 1690° in platinum vessels. 
They, too, found nearly the nornial density. They express 
surprise that Devillo had found an appreciable dissociation at 
1300°, and mention that Victor Meyer and Ziiblin^ had coii- 
firnied the experiinent of Deville, and considered it contradictory 
that the dissociation should he perccpitible in a iiorcelaio tube 
at a temperature as low as 1300°, l)ut still could not he clearly 
detected in density determinations of carhon dioxide. They 
believed the explanation to lie in an observation of Menschutkin 
and Konowalow,^ according to which certain organic vapours are 
more dissociated in the presence of asbestos and rough glass 
surfaces than in their absence. This explanation rests upon a 
misunderstanding. The rough solid substances do indeed hasten 
the process of dissociation, but they do not alter the (Iq/vm of 
dissociation. The only way in which we could imagine tlioin 
to have any effect in the present case would be to assume that 
by their aid eq[uilibrium can be reached at 1300° in Deville’s 
rapid current of gas, while without their aid it is not established 
in a platinum vessel heated to 1690° for a much longer time. 
Yet this is extremely improbable. The natural explanation is 
rather to he found in the formula representing the luaction 
energy of the formation of carbon dioxide— 

A = Qo - <y'pTl-riT - o-"!® - Em—^2°? 4 . const. T 

Jpco X 

1 Dissertation, Dresden, 1900; ‘‘Ueber die Dissoylatioristemperatn to ri 
cler Kohlensaure und des Schwefelsliureanhydrides.” 

2 I have been unable to find any more extensive mention of tlie matter. 

3 Berl. Ber,, 17,13G1. 
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^ich, for equilibrium when A = 0, becomes— 

— crplnT — <t"T + const. 

^ we substitute numerical values derived from-Deville’s ex- 
^1‘iments, we find that the density determinations at atmo- 
Plieric pressure should show no evidence of dissociation. The 
^ihperature of the flame was 1300° (1573° abs.) and we cal- 
"^lated to be 1*58 X 10b Substituting the values for the 
Pecific heats at constant pressure which Langen obtained from 
observations of explosion pressures (recalculated for constant 
^^essure), and taking the heat of reaction at ordinary temper¬ 
atures and at constant pressure to be— 

CO + iOa = CO 2 + 68,000 cal. 

ve obtain for the difference between the specific heats of factors 
*^tid x')roducts— 

CO = 6*45 4* 0-0006T 
JO 2 = 3*23 + 0-0003T 

9-68 + 0-0009T 
CO 2 = 7-26 + 0-0026T 

¥42 - 0-0017T 

and hence for Qo the value 67,440. Inserting these values, we 
get with the help of Deville’s observation— 

67 440 

4*56 logio 15,800 = - 2-42i:nl573 + 0*0017 x 1573 

4 const.(3) 

from which we find that the constant has the value -8*59. 
Taking this result and then calculating the value of when 
t = 1690°, or T = 1963° abs., we get-^ 

67 440 

4*56 logio Kp = - 2*42^711963 4 0*0017 x 1963 - 8*59 

or = 231. It follows from this that the carl)on dioxide 
ought to be about 3 per cent, dissociated at atmospheric pressure. 
I3ut V. Meyer and hanger’s experiments deviate among them¬ 
selves by as much as 2 to 3 per cent., and are hence unsiiited 
to show dissociation of this amount. One must also keep in 
miud that observations of dissociation in platinum vessels at 
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these temperatures may well give rise to fictitious results, for 
platinum at a white heat is not indifferent towards oxygen, and 
it might easily remove a trace of oxygen which was formed, 
and so conceal any change of density due to dissociation. 

IsTernst ^ has measured the density of carbon dioxide at still 
higher temperatures. He worked at 1973° in an iridium vessel 
in the presence of air. The dissociation calculated by the above 
formula should be 13 per cent., but the presence of the air 
drives it back. Nernst’s results show that the dissociation is 
certainly not very large. Hothing more definite can be deduced 
from them. 

In the above discussion of the data on which a calculation 
of the dissociation of carbon dioxide at different temperatures 
may be based, we introduced and evalued a formula different 
from that which Le Chatelier had used. He started from the 
conception that the mean specific heats at constant pressure 
had the following values:— 

Permanent gases = 6*8 
Carbon dioxide = 6*8 4- 0*0036T 

This leads to a difference between the mean specific heats of 
factors and products of— 

3*4 - 0*0036T 


and taking the heat of reaction at ordinary temperatures 
Q = 68,000 cal., it follows that the heat of reaction at absolute 
zero would be— 


and hence— 

EfeKp = 


Qo = 67,300 ; 

^ 3.4foT + 0-0036T + const.. 


( 3 ) 


Le Chatelier now brings'in his assumption that the degree of 
dissociation in DeviUe’s experiments was 0*4 at eq^uilibrium and 
under atmospheric pressure, and that the temperature was 3000°. 
We have already seen that this is ec[uivalent to fixing 3’67 as 
the value of the equilibrium constant. He then gets— 

4-56 log 3-67 = - 3-4 x 2-3 log 3273 + 0-0036 x 3273 

+ const.(4) 

^ Z, /. ElehtrocJiemiej 9 (1903), p. 625. 
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from which it follows that 

constant = — 2‘28. 

Taking this value of the constant to calculate the equilibrium 
at 1300° (1573° abs.), we obtain— 

. _ . 67,300 

4-56 log Kp = -j-gYg- 

and hence— 


- Z’4:ln 157S + 0*0036 x 1573 - 2*28 


Kp = 4*37 X 10^ 


Before, we saw that, according to Deville’s observation— 

< 1*58 X 10^ 

This discrepancy between the equilibrium constants involves 
no inconsiderable disagreement in the degrees of dissociation 
calculated from them. At such slight dissociation, where the 
partial pressure of the carbon dioxide is very nearly equal to 
the total pressure P of the gas mixture, we may write without 
appreciable error— 

_P5P2 _ ^ 

Pco X PCO X JP* “ 

But since, when carbon dioxide dissociates, oxygen and carbon 
monoxide are formed in the ratio of 1 to 2, this goes over into — 

P 




: JPCO X / 


Finally, under one atmosphere pressure we get— 

■Kp“^V 2“ 

It is easy to see that the partial pressure of the carbon monoxide 
is but half as large as Deville found it, if Kp equals 4*37 X 10^. 

Making use of Le Chatelier’s assumption, we compute the 
following values of the equilibrium constant and the degree 
of dissociation, for a number of temperatures and pressures:— 



t 

T 

K, 

1 

1300 

1573 

4*37 X 101 

2 ; 

; 1500 

1773 

4*48 X 103 

3 

1 2000 

2273 

1*07 X 102 

4 i 

I 3000 

3273 

3*r>7 

5 I 

3300 

3573 

2*29 


Degree of dissociation. 


1-0 X 10 - 3 ( 6*3 X 10 - 2 ) 
04 X 10 - 2 ( 0*8 X 10 - 2 ) 
0*5 X 10 - 1 ( 0*35 X 10 - 1 ) 
0*4 ( 0 * 4 ) 

0*28 (0*27) 


Total 

pressure 

atmos. 


1 

1 

0 

1 

10 
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The numbers added in brackets are the values as calculated 
by Le Chatelier. The discrepancy between our values and his, 
which is especially marked at low temperatures, is due to a 
mistake in Le Chatelier’s calculation. 

The last three values of the above five agree satisfactorily 
with the estimations or calculations which Le Chatelier made 
on the basis of his explosion experiments, carried out in col¬ 
laboration with Mallard. The small value at 1500^ agrees with 
the fact that the density at that temperature is normal. It is 
impossible to say whether the values for 1300° are in agree¬ 
ment with experiment or not, for Deville’s determinations of the 
degree of dissociation in the porcelain tube at this temperature 
are too uncertain. We cannot, therefore, come to any decision in 
the matter till Deville’s experiments are repeated more carefully. 
At present it seems probable that the dissociation at 1300° is 
greater than it should l)e according to Le Chatelier’s formula. 

Our opinion regarding Le Chatelier’s calculations differs 
according to whether we view them from a theoretical or a 
practical standpoint. One must admit that the whole complex 
of phenomena above 2000^^, which Le Chatelier has treated so 
ably, is affected with a very considerable uncertainty as regards 
the true temperature. It is quite possible that the equilibrium 
condition which Le Chatelier assumes to exist at 3000° may 
actually belong to a temperature different by some hundreds of 
degrees. Yet there exist no observations which permit any 
improvement on Le Chatelier’s assumption regarding these 
extreme temperatures. 

If we now look at the technical side of the matter, par¬ 
ticularly as to what temperatures can be attained by burning 
carbon monoxide, and what limits the dissociation of carbon 
dioxide sets to the use of carbon monoxide for heating purposes, 
the above uncertainty does not trouble us greatly, and the 
formula given by Le Chatelier certainly yields an amply satis¬ 
factory answer. This is due to the fact that the dissociation 
below 1700° C. is small anyway under working conditions, and 
even an uncertainty of 100 per cent, in its evaluation would be 
quite immaterial. Above 1700°, conditions are a little different. 
But the demands of accuracy which technicians make become 
smaller the farther we go above this temperature. Up to 1700° 
the degree of dissociation at partial pressures of carbon dioxide 
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between 0*1 and 0*2 atmosphere is practically all that interests 
us technically. This degree of dissociation limits the maximum 
temperature which we can attain by burning our ordinary 
heating material with a barely sufficient air supply and at 
ordinary pressures. The partial pressure of carbon dioxide 
attainable in flue gases depends stoichiometrically upon the 
composition of the combustible substance. In the combustion 
of pure carbon it reaches a pressure of 0*21 atmosphere, since 
each of the 21 volumes of oxygen contained in 100 volumes of 
air can be replaced by 1 volume of carbon dioxide.^ The 
attainable partial pressure of carbon dioxide is less in the com- 
bustion of substances containing hydrogen. For instance, in the 
combustion of illuminating gas where some 2 c.c. of water-vapour 
are formed for every 1 c.c. of CO 2 , 100 c.c. of air can, at most, 
contain 10^ c.c. of CO 2 and 21 c.c. of water-vapour to every 
79 c.c. of nitrogen. The partial pressure of the carbon dioxide 
10*5 

cannot then exceed or, in round numbers, 0*1 atmosphere. 

The dissociation corresponding to this partial pressure is very 
small below 1700°. Smaller partial pressures, where the dis¬ 
sociation has a greater percentage value, need not be considered, 
because they are occasioned by the j)resence of an excess of air, 
and the greater this excess is, the less important for several 
reasons does dissociation become. In the first place, the excess of 
air drives back the dissociation because of the oxygen it contains. 
In the second place, as long as the flue gas contains but little 
carbon dioxide the temperature reached must remain low, for 
the large mass of the diluting gas must be heated by the heat of 
combustion. The lower the temperature, the smaller the dis¬ 
sociation will be; that is, the direct cooling effect exerted by 
diluting with a quantity of air far exceeds, up to 1700°, the 
indirect heating effect arising from the decreasing dissociation. 
It is equally true that the degree of dissociation (up to 1700°) 
does not come into play in combustion in explosion engines. For 
there the total pressure is much greater than an atmosphere, and 
consequently the partial pressure of the CO 2 is higher, and the 
percentage dissociation smaller. Indeed, Langen could detect no 
evidence of dissociation up to 1700° in his explosion experiments. 

1 Compare Bunte’s “ Heizlehre,” in Muspratt’s “ Technischer Chemie,” 
4 th edit. (Brunswick, 1893), p. 314. 
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Wow, all teclinical processes of combustion occur in tlic 
temperature interval below 1700° 0., with the exception of the 
processes taking place in certain zones of the blast furnace. 
Wo illuminating flame, except that of acetylene, greatly ex¬ 
ceeds this temperature. If we would attain temperatures 
much higher than this in combustion processes, and make any 
calculation about them, we are also obliged to take into con¬ 
sideration the fact that loss of heat through convection and 
radiation increases rapidly with rising temperature. The 
uncertainties which these factors introduce into the calculations 
thus become so great that any uncertainty about the degree of 
dissociation does not make much difference. We can, therefore, 
get along satisfactorily enough in this whole field by means of 
Le Chatelier’s formula. 

Our appraisal of the value of this formula from a theoretical 
point of view is a very different one. In the first place, the 
formula assumes a”, the difference between the increments 
of the specific heats of 1 mol CO plus J mol O 2 and 1 mol 
CO 2 , to be 0-0036, and this is not satisfactorily confirmed by the 
experimental data we possess for temperatures up to 2000°. If 
it were not for the calculations and observations of Le Ohatelier 
on the explosion of mixtures of carbon monoxide and oxygen, 
and for the experiments of Deville with his flame, one would 
certainly prefer formula 3, based on Deville’s experiments in 
porcelain tubes and Langen’s explosion experiments, as best 
expressing the reaction energy of carbon dioxide formation. But 
we can easily convince ourselves that its use for temperatures 
much above 2000° is precluded, unless we are willing to assume 
that the dissociation which Le Ohatelier calculates for 3000° 
really existed some 700° lower. An error of this magnitude 
seems, however, out of the question. If, instead of Langen’s 
specific heats, we choose those determined by Mallard and Le 
Ohatelier from *their observations with the crusher mano¬ 
meter at much higher temperatures, we get 

A = 67,200-3-28mT+0-00204T2-Km—^521^ _2-8T (o) 

Too xpl, ^ ' 

Here again Deville’s experiments in porcelain tubes are 
assumed as correct. We can bring this formula, too, into 
harmony with what little we know about the dissociation up to 
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2000°, but we then find the equilibrium constant is equal to 3‘67 
at 2300°, which, again, is a temperature very different from that 
required by Le Chatelier’s formula. Under these circumstances, 
we will retain Le Chatelier’s formula 4, but to its numerical 
evaluation we will add such figures as result from formulae 
3 and 5. We shall see that the special application which we 
shall make will not be much affected by this difference. 

A further deduction may be made from the formula repre- Case II. 
senting the formation of carbon dioxide, by combining it with ^ation^of 
our previous formula for the water-gas equilibrium. If we water, 
write— 

CO + 0 = CO 2 4- A 
and CO 2 -f H 2 = CO + H 2 O + A' 

and add the two, we get— 

0 + H 2 = H 2 O + A 4- A' 

that is, we get the energy of formation’ of water A" by adding 
the reaction energies of the water-gas reaction and of the forma¬ 
tion of carbon dioxide. This gives us— 

A = 67,300 - 3-4 mT + 0-0036 P - - 2-28T 

2^co xpt), 

A' = -9,650 + l-55mr - 0-00195'P - ETfc^^^ 

_ PCO; xyi i, 

A" = 57,650 - l-85mT + 0-00165P - Em - -?-'^^,--2-28T 

PlhXpt), 

This expression assumes a difference between the mean 
specific heats at constant pressure between 0° and T° of— 

^(H2+i02) — 0‘00165T 

This value is somewhat different from that usually given for 
the specific heats of water-vapour and the permanent gases.^ 

^ For instance— 

I. Mallard and Le Chatelier (old values)— 

11 mol permanent gases . 9-93 + 0*0009T 

1 mol H 2 O vapour.6*69 ■+• 0'00328T 

¥24 - 0‘0023T” 

IT. Mallard and Le Chatelier (crusher manometer)— 

H mol permanent gases . 9-21 + 0*001831’ 

1 mol HgO vapour. 6*98 + 0*00287T 






2*23 ~ 0*00104T 
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There is hut little experimental data at our disposal with 
which we may test it. There are measurements of the 
reaction energy of the formation of water made with the oxy- 
hydrogen cell. Victor Meyer and Langer have also observed 
that water-vapour shows a barely perceptible dissociation at 
12 00'", while Nernst, working under the same conditions as 
with carbon dioxide, could detect no certain variation of the 
density of water-vapour from the normal at Patting 

A" = 0 and calculating the equilibrium constant for 1473° abs. 
and 2246° abs., we find— 


Kkuvso) = 4-6 X 10^ (1*8 X 100 [22 X 10^ ^ 
Kx2246C) = 654 (146) [148] 


Since in both cases observations were made at atmospheric 
pressure, it follows, from the formula developed for the case of 
carbon dioxide— 


1 



that the partial pressure of the hydrogen is about 1 x 10”^ to 
2 X 10"^ atmospheres at 1473° abs., and about 0*025 atmo¬ 
sphere at 2246° in ecpilibrium. The first number corresponds 
to between 1J to 3 c.c. of hydrogen and oxygen to 10 litres of 
water-vapour. Victor Meyer and Langer state that on passing 


III. Le Cliateller (latest values)— 

1-| mol permanent gases ... 

1 mol HgO vapour. 

IV. Langen— 

IJ mol permanent gases 
1 mol HgO vapour. 

V. Langen (Schreber’s recalculation)— 

IJ mol permanent gases 
1 mol H 2 O vapour. 


9*75 4- 0 0009T 
6*5 4- 0-0024T 

3*25 - 0 0015T 


9-93 -f- O'OOOOT 
7*29 4 0*00215T 
'^64Trd-b0125T 

9-88 4 0-0008T 
8*82 4 0-00116T 

Tbi - 0*00^T 


1 Tlie unbracketed value results directly from our formula. If we use 
formula (3), p. 170, in deducing the equation for the formation of water- 
vapour, instead of Le Chatelier’s formula (4), p. 170, we get the values 
enclosed in parentheses. The values included in brackets are derived by 
use of expression e, p. 133. 
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a rapid stream of Avater-vapour for a long time through a 
platinum tube heated to about 1200° C., they collected several 
c.c. of an exj)losive gas. This seems to agree with the require¬ 
ments of the formula. The second number corresponds to a 
dissociation of 2*5 per cent., which is within the limits of 
accuracy of Nernst’s vapour-density measurements.^ 

In regard to the oxy-hydrogen cell, Ave should first point out The oxy- 
that our formula for the reaction energy would give for 25° the 

value— ordinary 

tempera- 

A = 57,650 - 3670 - R x 298fa— 

V\u X lA). 

= 53,980 - ll X 

Pn^ X fh., 

Bose ^ has studied the oxydiydrogen cell at 2N, using the gases 
under atmospheric pressure. The vapour pressure of his 
electrolyte can be considered as equal to that of pure Avater. 

Then— 

-11208 X = 4-2029 cal. 

and our formula would lead us to expect that A = 56,020 
cals. Bose found 52,654 ± 693 cal. The discrepancy is large. 

While Bose found the electromotive force of the oxy-hydrogen 
cell to be 1*1392 ± 0*0150 volt (at 760 mm. pressure and' 

25°), he should have found, according to our formula, 1*212 
A’olt.^ I would, however, not lay too great stress on this 

1 A.W. V. Hofmaiiii {Berh Ber., 23 (1890), 2, 3314), reports to the effect that 
wliena very strong current of water-vapour is forced rapidly through a white- 
hot platinum spiral, one can collect, in a few seconds, enoiigh of a mixture of 
oxygen and hydrogen to almost break the eudiometer when it explodcR. 

From our formula we should expect a litre of Avater-vaponr to contain 20 c.c. 
d 1 the oxy-hydrogen mixture at 1723° and at atmospheric pressure. Tt does 
not greatly matter which of the three formulae above mentioned for the 
reaction energy of formation of CO^ we use. 

Z. f. phys. Oheyn., 34 (1900), 701, and 38 (1901), 1, whore extended 
references to the literature will he found. 

3 If instead, we use equation (c), p. 133, which is based upon Langen’s 
specific heats and Deville’s experiments in tubes, we get l*208i volts. If we 
use equation {e), p. 133, based on Le ChatelieFs experiments with the com¬ 
pression manometer, and on the similar experiments of Deville, we get 1*227 
volts. 

N 
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divscrepancy of 80 millivolts. It is very possible that Bose’s 
value is too low. It should be pointed out that Smale found 
1*073 volts for the oxy-hydrogeu cell, and this was generally 
accepted until Czepinsky, Bose, and Crotogino obtained higher 
values, those of Bose’s being the most carefully determined. A 
further elevation of the value by some centivolts does not seem 
improbable when we remember that the oxy-hydrogen cell is 
not completely understood, at least as far as the oxygen elec¬ 
trode is concerned. There is no proof whatever that a platinized 
platinum electrode is in equilibrium with the oxygen in an 
electrolyte saturated with oxygen at atmospheric pressure. 
According to L. Wohler,^ platinum black is not pure platinum, 
but rather a lower hydroxide of platinum of whose electromotive 
properties we know nothing. It may well be inherent in the 
nature of this electrode that in the presence of oxygen it be¬ 
haves as a not quite saturated solution of oxygen would, and 
therefore always gives too small an electromotive force for the 
oxy-hydrogen cell. Abegg and Spencer ^ have shown that it is 
impossible to get any other value with platinized platinum than 
that of Bose. But their interesting investigation still leaves 
open the possibility that the properties of the platinum black 
affect the value obtained. 

On the other hand, we must not fail to recognize that the 
calculation of the reaction energy at 25° by the help of our 
formula leads us far from the region in which the observations 
underlying the formula were made. The fact that the tem¬ 
perature lies far below the critical temperature of water- 
vapour, and that we are therefore in a region where the specific 
heats exhibit the irregularities to which we have previously 
referred, is especially misleading. It therefore seems desirable 
to test the formula by measurements of the oxy-hydrogen 
cell at,much higher temperatures. Haber and Bruner^ have 
done this, using molten caustic soda as an electrolyte. They 
found— 

1 Befl, Ber.j 36 (1903), 3476; and Z. f. anorg. Cliem.., 40 (1904), 
423. 

^ Z.f, anorg. Ohem., 44 (1905). 

^ Z.f. Elehtrochemie^ x. (1904), 697. 
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A" calculated by our fonmila.i 


312 

585 

1*24 

57,313 

40,993 

- 2668 ]og“ X 

I’l.'o K.2 

412 

685 

M5 

53,153 

48,600 

- 3124 log'« 

532 

805 

1-03 

1 

47,r.07 

46,933 

- 3671 logio ?S22.j- 
Pli. X 


The oxygen and hydrogen were at very nearly atmospheric 
pressure in these experiments, and consequently the denominator 
of the logarithmic term may be put equal to unity. The vapour 
tension of water over molten caustic soda is not sufficiently 
well known to allow us to compare calculation and observation 
as closely as we would wish. We can only say that our formula 
seems to give relatively good values when we compare them 
with the results of these experiments. The intimation is thus 
supported that the true values of the oxy-hydrogen cell lies 
even higher than Czepinsky and Bose have found it.^ 

The simple fundamental cases of the dissociation of water m 
and of carbon dioxide have been but slightly investigated, and The 
the expressions for their reaction energy consequently possess SiiSo 
less certainty than we would wish. We will, nevertheless, risk procoas. 

1 Taking the carbon dioxide equation (e), on p. 1B.3, as the basis of onr 
fornnila, we obtain the values— 

45,620 at 312° 

43,230 at 412° 

40,330 at 532° 

^ To prevent misunderstanding, I should like to call attention to the fact 
that the correctness of any value obtained for the electromotive force of the 
oxy-hydrogen cell cannot he tested by seeing whether the quantity A" fulfils 
the condition (p. 22 ) that— 

A''-T§=Q 

This relation always holds wherever water is formed reversil)ly. Whether 
the electrodes are in equilibrium with oxygen and hydrogen at atmospheric 
pressure remains entirely indeterminate. If the condition of the electrodes 

dk 

corresponds to a lesser gas pressure. A" comes out smaller, but T^£, is just as 

much larger, and vice versa. Subsequent investigation lias confirmed this 
conclusion. See Appendix to Lecture Vll. 
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discrepancy of 80 millivolts. It is very possible that Bose’s 
value is too low. It should be pointed out that Smale found 
1*073 volts for the oxy-hydrogen cell, and this was generally 
accepted until Czepinsky, Bose, and Crotogino obtained higher 
values, those of Bose’s being the most carefully determined. A 
further elevation of the value by some centivolts does not seem 
improbable when we remember that the oxy-hydrogen cell is 
not completely understood, at least as far as the oxygen elec¬ 
trode is concerned. There is no proof whatever that a platinized 
platinum electrode is in equilibrium with the oxygen in an 
electrolyte saturated with oxygen at atmospheric pressure. 
According to L. Wohler,^ platinum black is not pure platinum, 
but rather a lower hydroxide of platinum of whose electromotive 
properties we know nothing. It may well be inherent in the 
nature of this electrode that in the presence of oxygen it be¬ 
haves as a not quite saturated solution of oxygen would, and 
therefore always gives too small an electromotive force for the 
oxy-hydrogen cell. Abegg and Spencer ^ have shown that it is 
impossible to get any other value with platinized platinum than 
that of Bose. But their interesting investigation still leaves 
open the possibility that the properties of the platinum black 
affect the value obtained. 

On the other hand, we must not fail to recognize that the 
calculation of the reaction energy at 25° by the help of our 
formula leads us far from the region in which the observations 
underlying the formula were made. The fact that the tem¬ 
perature lies far below the critical temperature of water- 
vapour, and that we are therefore in a region where the specific 
heats exhibit the irregularities to which we have previously 
referred, is especially misleading. It therefore seems desirable 
to test the formula by measurements of the oxy-hydrogen 
cell at.much higher temperatures. Haber and Bruner^ have 
done this, using molten caustic soda as an electrolyte. They 
found— 

^ Berl. Ber., 36 (1903), 3476; and Z. f. anorg. Cliem..^ 40 (1904), 
423. 

^ Z.f, anorg, CJiein.^ 44 (1905). 

^ Z.f. Eleldrochemie^ x. (1904), 697. 
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0 

TO 

EMK 

volt. 

1 . 

1 N 

1 cal. 

1 A" calculated by our formula. i 

312 

585 

1-24 

1 

57,313 

1 

1 49,993 - 2668 logw ■— 

’ ° ‘Pa, X pL. 

412 

685 

1-15 

53,163 

48,600 - 3124 logJ" —T-SA- 

532 

805 

1*03 

47,n07 

46,933 - 3671 logW 

’ “ Ph, X pL. 


The oxygen and hydrogen were at very nearly atmospheric 
pressure in these experiments, and consequently the denominator 
of the logarithmic term may be put equal to unity. The vapour 
tension of water over molten caustic soda is not sufficiently 
well known to allow us to compare calculation and observation 
as closely as we would wish. We can only say that our formula 
seems to give relatively good values when we compare them 
with the results of these experiments. The intimation is thus 
supported that the true values of the oxy-hydrogen cell lies 
even higher than Czepinsky and Bose have found it.^ 

The simple fundamental cases of the dissociation of water ill. 
and of carbon dioxide have been but slightly investigated, and The 
the expressions for their reaction energy consequently possess Siiorinc 
less certainty than we Avould wish. We will, nevertheless, risk process. 


1 Taking the carbon dioxide equation (e), on p. 133, as the basis of our 
formula, we obtain the values— 

45,620 at 312® 

43,230 at 412® 

40,330 at 532® 

2 To prevent misunderstanding, I should like to call attention to the hict 
that the cori’ectness of any value obtained for the electromotive force of the 
oxy-bydrogen cell cannot be tested by seeing whether the quantity A" fulfils 
the condition (p. 22) that— 


This relation always holds wherever water is formed reversil>ly. Whether 
the electrodes are in equilibrium with oxygen and hydrogen at atmospheric 
pressure remains entirely indeterminate. If the condition of the electrodes 

dA 

corresponds to a lesser gas pressure, A" comes out smaller, hut is just as 

much larger, and vice versa. Subsequent investigation has confirmed this 
conclusion. See Appendix to Lecture VII. 
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pushing the application still further, and use the equation for 
the formation of water in studying the Deacon process of manu¬ 
facturing chlorine. This process corresponds to the difference— 


2H2 + 02 = 2E2O 
minus 2CI2 + 2H2 = 4 HC 1 

O2 + 4 HC 1 = 2H2O + 2GI2 

We have earlier deduced an expression for the energy of 
formation of hydrochloric acid. After quadrupling it so that it 
may correspond to the formation of 4 mols of HCl, we subtract 
it from the energy of formation of 2 mols of water-vapour— 

2 A" = 115,300 - 3-7mT+0-0033T2 - lim—- 4-501 

f k X i’o, 

4A= 38,000 +p;.?,nT 

______ 

A'" = 27,300 - 3-7mT + O-OOSST^ - - 9-92T 

We may now divide this by 4 so as to make it correspond to 
the decomposition of one mol of hydrochloric acid in accordance 
with our general usage, and obtain— 

A = 6825 - 0-925TZn,T + 0-000825X2 - -2-48T 

Ka X l?ira 

We can test this equation for the energy of reaction by the 
experiments of Lunge and Marmier.^ To this end, let us 
examine their experiments a little more closely. Lunge and 
Marmier led a mixture of hydrochloric acid gas and of oxygen 
(sometimes of air) over broken bricks which had been soaked 
with a copper chloride solution, then dried and heated to a 
temperature of about 450 °. The mixture of gases was usually 
dry, but sometimes it was wet. The reverse experiments witli 
chlorine and water-vapour were not made. The object of the 
investigation was to determine the degree of decomposition 
of the hydrochloric acid. If the fraction x of every mol of 

1 Z. /. angew. Ghemie (1807), 105, and the disseitation of E. Marmier, 
“ Ueber die Dai-stellung von Chlor nach dem Verfahren von Deacon nnd 
Mond” (Zurich, 1897). 
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hydrochloric acid is decomposed and inols of chlorine pro¬ 


duced, then in the linal gas mixture- 


HCl 2(1 - a:) 

This (pioticut represents the relative iiumher of chlorine and 
hydrochloric acid mols, and also the ratio of tlie per cents, by 
volume or partial pressures of the two kinds of gases in the gas 
mixture. 

The equilibrium constant of the Deacon process is given by 
the equation— 

j4jj() ^ J'ch _ 

^ ihiei 

CL 

In order to introduce the ratio into this expression, we 
multiply numerator and denominator by and obtain— 

; X*5=k- 

pmi Ph, pk> ^ 

ur substitutiijg the values just found for tlie first quotient— 



Tlic term .placed under tlie radical sign may represent partial 
j)ressures, per cents, by volume, or inols per unit of volume, 
the unit of ineasiirement cancelling. The expression becomes 
simpler when the initial gas mixture is dry. Then just as 


much chlorine as water is formed, so that the term 
has the value 1. For this case, then— 


H2O 

CI2 


X 

2(1"^) 



(7a) 


This formnla tells us the degree of decomposition when 
equilibrium is attained. It is relatively but little influenced 
by the excess of oxygen, for only the fourth root of the partial 
pressure of the oxygen appears in the equation. If, for instance, 
the partial pressure were in one case 0*9 of an atmosphere and 
in another only 0*05 of an atmosphere, the fourth root in the 
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one case is 0’974 the other 0*474. So a change of 18 times 

in the pressure of the oxygen changes the quotient to a 

value but twice as great, and the degree of decomposition, which 
was 0*6 (66 per cent.) in the first place, only changes to about 
0*75 (75 per cent.), as can be seen from equation (7), p. 181. 

Lunge and Marmier do not state the partial pressure of the 
oxygen in the gaseous products, but they do tell the composition 
and pressure of the mixture they started with, and knowing 
the degree of decomposition, we may calculate the final partial 
pressure. The following example will illustrate this. 

Initial mixture contained 8*5 per cent. HCl, 91*5 per cent. 
O 2 , pressure = 737 mm., x found = 0*83; hydrochloric acid 
transformed = 0*83 x 8*5 = 7*05 c.c. From this there is 
found stoichiometrically 3*52 c.c. CI 2 , 3*52 c.c. 1120, while 
1*76 c.c. O 2 were used up. It follows that the gaseous product 
contained— 


Sum. 

98*23 c.c. 
Therefore— 


CI2 

3*52 c.c. 


HCl O2 H2O Pressure. 

1*45 c.c. 89*74 c.c. 3*52 c.c. Same as 

initial gas. 


Po, 


89-74 737- „ , 

X = 0-888 atm. 


98-23 760 

= 0-968 


2(1 - *) 

X 1 


X 


= 2-44 
= K„ = 2-51 


2(1 - x) 

We can express the procedure just illustrated by the formula- 


o,-|hci ^ 

_^02 X ry A A' 

02-|HCH-HC1 

-where B is the barometric pressure, O 2 and HCl the percentage 
content of the initial mixture. The values of jpoa in Table I., 
p. 185, -were calculated in this way. 

Lunge and Marmier employed mixtures of gases whose 
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oxygen content varied from just about the theoretical quantity 
required to an excess of almost 100 times. In the mixtures 
containing but a little hydrochloric acid only a relatively small 
amount had to be transferred in reaching the equilibrium. The 
smaller the excess of oxygen the greater this quantity need be. 

Now all the mixtures were conducted over the catalyzer at 
approximately the same velocity. The result is, as can be easily 
understood, that at lower temperatures the gas mixtures remain 
farther from equilibrium the nearer they approach in composi¬ 
tion to stoichiometrical quantities. This makes itself apparent 
in the abnormal falling off of the degree of decomposition with 
decreasing excess of oxygen. At high temperatures (480°) this 
phenomenon is no longer prominent, and we may therefore 
conclude that a reaction velocity has now been attained which 
is high enough to bring even a stoichiometric mixture up to the 
equilibrium. Lunge and Marmier ascribed no especial im¬ 
portance to reaction velocity, basing their view on Deacon's 
statement, that with a sufficiently large catalyzing surface the 
effect of reaction velocity disappeared. In their above-mentioned 
experiments, where the degree of decomposition was large, the 
oxygen was present in great excess, and hence the equilibrium 
was easily attained, and the catalyzing surface they used was 
sufficiently" great; but in the mixtures of gas which are 
relatively poor in oxygen, this is not true, even at 430°, and the 
lower the temperatui’e the richer the mixture may be in oxygen 
without being able, at the velocities employed by Lunge and 
Marmier, to reach equilibrium and the high degree of decom¬ 
position corresponding to it. 

The observations of Lunge and Marmier were made with a The 
catalyst, which, according to the statements of the investi- 
gators, does not remain unaltered. This phenomenon finds lyst dur- 
expression in their experimental results in the fact that some- pefiment 
times more, sometimes less, total chlorine is contained in the 
gaseous products than was present in the mixture to start with. 

It seems, however, as if equilibrium in the issuing gases was 
not disturbed by this. Nor indeed is it theoretically necessary 
that it should be. Haber and Yan Ordt ^ have observed, in the 
action of hydrogen on the nitride of calcium, that the ammonia 
equilibrium in the issuing gases is nearly permanent, although 
^ Z,f. anorg. Ghemie^ 44 (1905), 341. 
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the nitride slowly changes. The same thing occurs in the 
technical manufacture of water-gas, as will be shown in a dis¬ 
cussion contained in the Seventh Lecture. But the change in 

H 0 

the catalyzer does trouble us, in that thereby the ratio 

UI2 

differs from 1, even in dry mixtures. If the catalyzer gives off 


chlorine and takes up oxygen, the term 



occurring in 


equation 7 will be less than 1 in the escaping 
consequently— 


X 

2(rL X) 



>K„ 


gas, 


and 


The disturbing effect is of course greatest where the amount 
of hydrochloric acid which passes over the catalyst during the 
experiment is smallest, that is, when the excess of oxygen is 
greatest. Eor even a small amount of chlorine given off by the 


catalyzer would change the ratio 


CI2 

H2O 


greatly when it was 


mixed with only a small amount of chlorine jjroduced from the 
hydrochloric acid. Lunge and Marmier did not lay muph stress 
on this point, for they were chiefly interested in the degree of 
decomposition, and it is but slightly affected at oquilibriuin 
by this disturbing influence, for it takes quite a considerable 


change in ^ to produce any change in it. One can easily 

see this by working through a few examples. 

The following table contains data which Lunge and Marmier 
have collected at 480"^. They represent the mean values from 
parallel experiments numbered in Marmier’s dissertation 69-85. 
The single values lie very close to the mean values. The fost 
value is bracketed, because the difference between the chlorine 
in the hydrochloric acid taken and the total chlorine contained 
in the final product was far too great to yield any reasonable 
value for the equilibrium constant on the assumption that— 
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THERMOD YNA MICS 


The 

chemical 
“strength’ 
of oxygen 
and 

chlorine. 


The constant here appears surprisingly large. Yet our 
formula for the temperature at which the constant becomes 
equal to unity— 

2-48 = - 0-925M + 0-000825T 

yields the value T = (about) 850'^ abs., or t = olT. But we 
must recall here that the catalyzer certainly begins to volatilize 
above 470°. Deacon says it volatilizes even at 428°, and Lunge 
and Marmier claim that traces of it go over at even lower tem¬ 
peratures. It is, consequently, inevitable that above 500° the 
catalyzer should distill into the cooler portion of the tube near 
the outlet. The effect of this would be that the gases would 
not remain in the unfavourable equilibrium corresponding to the 
higher temperature, hut would react in the cooler portion of the 
tube toward an equilibrium containing more chlorine. 

We will close this discussion by a reference to the chemical 
'"strength’' of chlorine and oxygen. We have just seen that 
the equilibrium constant of the Deacon process becomes unity 
at about 577°. Now, this process depends upon the distribution 
of hydrogen between chlorine and oxygen, that is, these two 
substances compete for the hydrogen. We conclude from this 
that both oxydizing agents are equally strong at 577°. At lower 
temperatures the oxygen captures more of the hydrogen; at 
higher temperatures chlorine does this. So oxygen lias the 
greater affinity for hydrogen in the cold (below 577°), chlorine 
in the heat (above 577°). This, of course, applies only under 
comparable conditions of concentration, and the question arises, 
What are comparable concentration conditions? There exists 
an analogous case where the answer to this question is evident. 
It is the competition of carbon monoxide and hydrogen for 
oxygen. 

2H2 . ^ 2H2O 

T 02 

2CO + 2 CO 2 

This is nothing other than the water-gas equilibrium. Its 
equilibrium constant becomes unity at about 830°. Above this 
temperature the affinity of oxygen for hydrogen prevails; below 
it the affinity of oxygen for carbon monoxide. Here the concen¬ 
trations are comparable when carbon monoxide and hydrogen. 
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on the one hand, and water-vapour and carbon dioxide on the 
other, have equal partial pressures. We may, therefore, conclude 
immediately from this tliat a mixture of water-vapour and 
hydrogen can exist together with a smaller amount of free 
oxygen above 830° than can a similar mixture of carbon monoxide 
and dioxide, assuming, of course, that the pressure is the same 
in both cases. Therefore, carbon dioxide dissociates more above 
830° than does w’ater-vapour. The numerical values which we 
have found for the dissociation of carbon dioxide and for water- 
vapour correspond to these conclusions. When we compare 
chlorine with oxygen the comparable conditions are not so 
simple, because gaseous chlorine is divalent, and gaseous oxygen 
is tetravalent. One mol of chlorine unites with but one mol of 
hydrogen, while one mol of oxygen unites with two mols of 
hydrogen. 

Now, we judge chemical ''strength’’ on the basis of 
equivalent amounts. That is, we compare— 

Ha + OI^H^O 

with— 

H 2 + ci2:i!:2HCi 

Tn the one case at equihbrium— 


in the other— 


~Plh "X pt: 


= Kj,(H20) 



KHCi) 


Here we must write K^^hci), for we have previously written 
(p. 108) K,,(hci) as referring to one mol HCl. The stronger oxidizing 
agent will have the higher equilibrium constant. We then use 
van’t Hoffs fonnula— 


A = RTlnKp - RTSv'%y 


to find the comparable conditions in both cases, and obtain— 


A = 

and 

A' = RTlnK-^na, - 
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If the q[uotients- 


X ^9^2 i^H2 X i9ci2 


are arranged to be equal in value, then each adds just as much, 
or just as little, to A and A', and the difference between A and 
A' shows directly the difference in chemical strength. 

We may similarly determine A and hi by the aid of galvanic 
cells. Since the same number of equivalents are transformed, 
the quantities of electricity generated in each case are equal. 
Consequently the reaction energies A and hi stand in the same 
ratio to one another as the electromotive forces of the two cells. 
We have Dolezalek’s measurements for one cell, and those of 
Bose for the other. We are already acquainted with both 
investigations. Bose made observations at but a single tension 
of aqueous vapour, which we can place at 0’031 atmosphere. 
Dolezalek, on the other hand, made measurements at various 
partial pressures of hydrochloric acid, and so we can easily 
choose comparable concentrations in the light of what has just 
been said. That is, since in comparable cases— 

_fa 

then also— 

i'HjO ^ X 
fail VGh X 

In the measurements of Bose we may call the pressure of the 
hydrogen and the oxygen equal to 1 atmosphere without ap¬ 
preciable error. Consequently ^>02 equals 1, and the product 
X jpoa ^Iso equals 1. In Dolezalek’s measurements the same 
thing does not apply with equal rigour, for the high partial 
pressure of the hydrochloric acid lowered the partial pressures of 
the chlorine and oxygen perceptibly when the total pressure was 
1 atmosphere. Nevertheless, we may assume for the moment 
that in this case, too, ^012 and and hence their product, are 
equal to 1. This tells us that, to judge the relative chemical 
strength, we must compare these measurements where— 


£3^^ s- 1 
fmi 


= i^Hci 




T' 



or- 
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But since the vapour tension of water was 0‘031 atmosphere in 
Bose's experiments, we must use the value Dolezalek found for 
a partial pressure of hydrochloric acid = \/0*031, or O'l'ZG 
atmosphere. Bor this partial pressure Dolezalek found an 
electromotive force of 1 volt, in round numbers, while Bose 
found 1*14 for the oxy-hydrogen gas cell. If we now take the 
fact just mentioned into consideration—that the partial pressures 
of the chlorine and hydrogen were less than 1 atmosphere in 
Dolezalek's experiments—it appears that we must take a cell 
containing more concentrated hydrochloric acid, and hence one 
having less electromotive force, if we would obtain comparably 
conditions. The difference between the oxy-hydrogen cell and 
the comparable oxy-chlorine cell would thus become still greater. 

The small difference of 5® between the temperatures of the two 
cells would affect their electromotive forces too slightly to 
require consideration here. The result agrees, as was to be** 
expected, with the conclusion we had already arrived at from a 
study of the Deacon process. In the cold, therefore, chlorine, 
though more rapidly acting, is the weaker oxidizing agent. 

We will now consider two other gas reactions of technical OaselV. 
importance, namely, the formation of sulphur trioxide from 
sulphur dioxide and oxygen, and of ammonia from the elements, cess for 

The formation of the anhydride of sulphuric acid from 

sulphur dioxide and oxygen— sulplmric 

acid. 

2802 + 02:^2803 

possesses the very greatest technical importance as the basis of 
the contact process for the manufacture of sulphuric acid. It 
has been studied by many investigators. 

The heat of reaction, according to Berthelot's statement, is 
45,200 g. cal. at ordinary temperatures. The value is calcu¬ 
lated as the difference between the heat of formation of gaseous 
sulphuric acid and sulphurous acid, and, in view of the marked 
discrepancy between Berthelot's and Thomsen's values for the 
heat of formation of sulphur dioxide, is not especially certain. 

It refers to constant pressure. 

The mean specific heat of sulphur dioxide at constant 
pressure has been calorimetrically determined by Eegnault to 
be 9*86 between 10° and 200°. Muller's determination of the 
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ratio between its specific heat at constant pressure and at 
constant volume is in satisfactory agreement with this, giving 
1*256. Eegnault found the mean specific heat of oxygen over 
this same temperature interval to be 6*96. We do not know 
what the specific heat of sulphur trioxide is, so we cannot com¬ 
pute the change of the heat of reaction with the temperature. 

We will again refer the reaction energy to the formation of 
a single mol of sulphur trioxide. The heat of reaction at 
ordinary temperatures referred to this quantity is 22,600 cal. 
The formula for the reaction energy says— 


A = Qo — aj)TZnT — 


o-"T2 - Em—+ const. T 


At the equilibiiiim A = 0 , and— 


A 


= Kj, 


Here the quotient —“ is independent of the pressure, since 

i^S02 

the unit of measure cancels from both numerator and denomin¬ 
ator. We might equally well write percents, by volume or con¬ 
centrations in its place, so in the future we will omit the 
measuring factor. 

In actual practice the object is to get the highest possible 
yield of SO 3 . At any given temperature this will always be 
more fully attained the higher the partial pressure of the 
oxygen in the final product. This is evident when the above 
expression is written as— 

SOa __ -rr / — 

SO2 *“ 


The constant Kp becomes greater the lower the temperature. 
Experience has shown that the formation of sulphur trioxide at 
high temperatures is considerably reduced by the strong dis¬ 
sociation of the sulphur trioxide into sulphur dioxide and oxygen. 

We owe our chief data for determining to Knietseh.^ 

^ Berl. Ber.^ 34 (1901), 4069. Since then Knietsch has communicated 
some further determinations in which sulphur dioxide mixed with air, carbon 
dioxide, or water-vapour was led over platinized asbestos at constant pressure 
and temperature, and the unchanged^ sulphur dioxide determined (^‘ Bericht 
iiber den funften internationalen Kongrefs fttr angewandte Chemie,” vol. i. 
p. 617 (Berlin, 1904)). 
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of liiglier temperatures was precluded by the observation that 
oxygen was then absorbed by the platinum filings in the quartz 
vessels. The determinations agree excellently with those of 
Knietsch. 


io 

TO 

K, 

Knietsch. 

Bodlander. 

llhK, 

450 

723 

187-67 


10*369 

500 

ns 

72-30 

— 

8*477 

515 

788 

— 

65*44 

8-290 

553 

826 

— 

24*07 

6-300 

GOO 

873 

14-90 

— 

5-350 

610 

883 

— 

10*50 

4-658 

650 

923 

— 

(4-45) 

2*955 

700 

973 

4-84 

3*124 

800 

1073 

1-81 


1*172 

900 

1173 

0-57 

— 

-1*108 


There also exist two determinations of the equilibrium 
constant Kjp, made in the laboratories of the Hochst Tarbwerke, 
which, when expressed in our units, give— 


t<=> 

TO I 

. , 


465 

1 738 ! 

1175 

515 

788 

53() 


They deviate very widely, as one can see, from the value in our 
table. According to the statements of the observers themselves 
(Lunge,Sodaindustrie,” i. p. 950), the experiments on which 
they are based are not above criticism, and they may therefore 
be set aside as less certain than the others. The small values 
given by Bodlander and Koppen for 650° in the above table 
Heat of fall a little out of line from the other values, Bodlander and 
action'ac- admit the possibility of an experimental disturbance 

cording to which Would have caused it to come out too small. They have 
and K6p-^ attempted to deduce the heat of reaction from their own and 
pen, Knietsch’s observations. Tor this purpose they have recalcu¬ 
lated the constant so that it represents Kc instead of This 
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can be done here by simply multiplying by \/6*0821T.^ From 
this they have computed the heat of reaction at constant volume, 
using van't Hoff's equation (see p. 64)— 


EfeKc - - i) 


Bodlander and Koppen found from their measurements that at 
550“^ it equalled 25,500 cal. At constant pressure it would 
therefore be 25,910 cal. The measurements of Knietsch yield 
(according to Bodlander and Koppen's computation) the rather 
variable values— 


t 

Qv 


550 

23,280 


050 

19,000 


750 

18,620 


850 ° C. 
27,125 cal. 


Professor Bodenstein, of Leipzig, has written me personally 
about a further investigation of this equilibrium which he has 
just completed. His method consisted in passing a mixture 
of sulphur dioxide, air, and nitrogen over hot platinized 
asbestos contained in two quartz vessels. Combination took 
place in the first vessel until equilibrium was almost reached, 
so that in the second and main vessel there was no disturbing 
heat of reaction. The carefully executed determinations gave 


the following results 


F ... 

528 

579 

627 

680 

727 

789 

832 

rjpo 

801 

852 

900 

953 

1000 

1062 

1105 

K„ I 

31*3 

13*8 

5'54 

3-24 

1*86 

0*956 

0-627 

K/nK^ 

6*82 

5-20 

3'72 

2-33 

1*23 

-0*089 

-0*924 


897 

1170 

0'358 


A calculation of the heat of reaction from interval to interval 
of the temperature by means of van't Hoffs equation gave 
much more regular results than did the corresponding calcula¬ 
tion of Knietsch's measurements. The numbers lie quite close 

^ This may he found in the following way :— 

and further 

poa = 0'0821 Tco2 

where |)02 expressed in atmospheres and C02 in mols per litre. Finally 
SOs 1 SOe 1 




V 0*0821 X T 


X V0*0¥2l X T 


Boden- 

stoin^s 

investiga¬ 

tion. 
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We may represent per cents, of the theoretical yield on the 
basis of lOOx. It can be directly seen from the formula that 
the yield depends directly on Kjp, which in its turn is solely 
determined by the temperature. Equation (8) may be used 
without hesitation down to 430°, and according to it, 
changes from 198 at 430° to 0*36 at 900°. Temperature, there¬ 
fore, has the very greatest influence. On the other hand, the 
dilution of the gas in general affects the yield but slightly, 
because the partial pressure of the oxygen in the gaseous 
products, which is the only factor which comes into play, exerts 
an influence which is not proportional to itself, ])ut to its square 
root.^ 

It is desirable, for practical purposes, to use a formula in 
which the oxygen and sulphur dioxide contents in the gaseous 
products appear instead of the partial pressure _po 2 of fl^o oxygen. 
It is easy to formulate such expressions. 'There is— 

SO 2 in initial mixture' 

= 7o 0 . 

C = 7o „ „ 

= 100 ..... ^^ 

Further, x, as before, shall represent the yield, that is, the 
ratio of sulphur trioxide formed to that which could have been 
formed. It is then clear that O’fiax of the h parts by volume 
of oxygen would be used up, and that the volume would 
decrease from 100 to 100 — 0’5ax. If the total pressure is 
kept at one atmosphere, the partial pressure of the oxygen in 
the gaseous product is— 

~ 0'5 X a X X 

~ ibT-0T)« X X 

and we obtain— 

= *- 1 - 

_ {yfxix 

1 KnietBch, Bericht Uber den V. Intern. Kongresa,’’ ic., has found that 
dilution has an effect in accordance with the theory, at least, when nitrogen 
or carbon dioxide are used as diluents. On the other hand, the addition of 
large quantities of water-vapour seems to hamper the reaction. 
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quantitative. But at a temperature 200° degrees higher the 
trace of sulphur dioxide will not be more than ji!], or about 
58 per cent, converted. We see, then, that the great difference 
in nitrogen makes but little difference at lower temperatures, 
but becomes very important at higher ones. 


In order, finally, to make an actual application to technical The ^ 
conditions, we have computed the following table :— yieia in 

practice. 



Initial gas mixture. 


- Temperature 

K;, from 

IMaximiirn 
juold in 

%. 

a 

i SO 2 

1 

I % 0 . 

%k> 

^c. 

formula. 

7-0 

! 10-4 

82 0 

4;u 

181-0 1 

99 

7*0 

1 10-4 

82*0 

55() 

20-4 

85 

7 0 

. 10-4 

82*0 

(>45 

5*14 

GO 


The actual experimental yields may easily exceed the values 
calculated for the higher temperatures, provided the gas 
has an opportunity to strike any of the catalyzer as it 
cools off. 

The influence exerted by the composition of the gaseous Clemens 
mixture has been often discussed, because Clemens Winkler, to ^nWbu-^ 
whom we owe much of our knowledge of this process, came to the tion to the 
erroneous conclusion that the most favourable composition for the aloxiTe 
initial gas was 2 vols. SO 2 to 1 vol. O 2 . He reports regarding procesH. 
the first stages of his procedure in Lunge's Sodaindustrie/' 

It appears from his description that his first ill success was by 
no means due to the unfavourable composition of his gaseous 
mixture. It appears that from 1879 on, in the Muldener smelting 
works, sulphur dioxide gas mixtures containing 7*0 to 7*5 per cent. 

SOa were passed over platinized asbestos, according to Clemens 
Winkler’s advice, and a 45 per cent, yield of SOa obtained, the 
sulphur dioxide content falling to 4 per cent. '‘It was dis¬ 
covered in 1889 that the yield of anhydride rose to 85 or 90 per 
cent, on a single passage over the contact substance, if gas 
mixtures were used whose oxygen content considerably exceeded 
that of the sulphur dioxide. Consequently, after that, gas 
mixtures containing but 6 per cent, of SO 2 were employed." If 
we assume that there was 7*5 per cent. SO 2 , and 3*75 per cent. 

O 2 in the first case, even then a yield of 85 per cent, ought to 
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a fcemperataie lielow 500®, it catalyzes tlie reaction sufficiently 
to allow us to utilize the very favourable location of the 
equilibrium at this temperature and yet employ rapid currents 
of gas. All other catalysts work less satisfactorily. IsTothing 
is easier than to find catalyzers for the formation of S(\. As is 
generally the case in gas reactions at high temperatures, almost 
any indifferent rough surface hastens the reaction. Knietsch 
has illustrated this effect very prettily by replacing the platinized 
asbestos with fragments of porcelain. The velocity of formation 
of sulphur trioxide is much smaller at relatively low tempera¬ 
tures, and the equilibrium is far from reached. But the higher 
the temperature, the more nearly does the action of the broken 
porcelain approximate to that of the platinum, and at (SbO® there 
is but little difference between the two. Yet at this temperature 
the location of the equilibrium is so unfavourable (Kj^ < 1) that 
this catalyzing effect iswithoui technical importance. According 
to a well-known principle of physical chemistry, first stated 
by Ostwald, every catalyst accelerates the reaction and the 
counter-reaction in tlie same degree, provided it remains itself 
unaltered. In fact, Knietsch has found that the rate of 
decomj)osition of sulphur trioiide by broken porcelain is quite 
analogous to the rate of formation of sulphur trioxide under the 
same conditions. On the other hand, when sulphur tiioxide was 
passed at 900® through smoc^th porcelain tubes under conditions 
which were otherwise the same, the decomposition was very 
slight, due to the absence of rough surfaces. We may conclude 
from this that only small quantities of sulphur trioxide, compared 
with the theoretical amounts, wmuld ho formed in smooth tubes 
at 900®. 

But easy as it is to find sul>stances wfiiich will catalyze, it is 
very difficult to fiind substances which will catalyze well. 
Among those which people have hoped would replace platinum, 
ferric oxide, or more particularly the ashes from the pyxite evens 
iu the manufacture of sulphuric acid, has acquired the greatest 
importance. To he sure, its catalytic action compared with that 
of platinum is shown by Knietsclfs curves to be small, and 
experiments by Lunge and Pollitt^ have confirmed this. The 
relation of the equilibrium poiut to the decomposition potential 
of ferrous and ferric sulphate which here comes into play, has 
^ 2, f. an (few. Chmu, 15 (1902), 1105. 
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will catalyze at these low temperatures, so that they may be 
used. Iron, the best catalyzer afc present known for this re¬ 
action, is far inferior even to so poor a catalyzer of the sulphur 
trioxide reaction as broken porcelain. But we can predict, at 
least approximately, what results could be attained with a good 
catalyzer. 

We will first write our formula for the reaction energy— 


A = Q„ - rr'.llnT - + const. T 

and observe that 12,000 cal. are evolved in the formation of 1 
mol of ammonia at ordinary temperatures and at constant 
pressures. We further note that, according to Wlillner, the 
true specific heat of ammonia per mol at constant pressure and 
at 0° is 8*54; at 100®, 9*07 ; and at 200^, 9*59; while the mean 
specific heats of the permanent gases at constant pressure 
between 0® and T® may be taken with sufficient accuracy as 
equal to 6*64 + 0*0003T. Putting the mean specific heat of 
one mol of ammonia at constant pressure between 0® abs. and 
T® abs.— 

6*1 -h 0*002T 4- 2*64 x 10 


the true specific heat will be— 

6*1 + 0-004T + 7*82 x 10~«r2 


this being at 200® equal to 9*76, in fairly good agreement with 
Wiedemann's figure. On the other hand, combining this value 
with the above-given expression for the specific heat of per¬ 
manent gases, justified by the measurements of Holborn and 
Henning, we get for the difference in the specific heats of factors 
and products— 

gaw8) = 13*28 + 0'0006T 
^KNHa) = 0*1 + 0*0002T + 2-64 x 


From this we find— 

Qo = 10,100 cal. 
and 

A = 10,100 - 7*18mT + 1*4 X lO^^T + 1*32 x 10-^^T^ 

+ 21-98T - = 

X, X 
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Similarly, the yield from a given amount of hydrogen would be— 


« _or_ 

+ jPhhs 1-2/ 1'5j5h, 

The equilibrium condition may be written as— 

1 C = - V nr V _^ 

^ il, X A, O-Sj^N, X Pt,, 

Substituting the expressions for the yield in this, we get— 



. i-%. ^ 1 ^ ^ 

i - y \/i?N, X ym. 


These expressions are somewhat complicated, but this much 
is directly evident from them. When we wish to convert 
nitrogen at all completely into ammonia, we must use a gaseous 
mixture containing much hydrogen and but little nitrogen. 
The utilization of the hydrogen is then, of course, about as 
incomplete as possible. But if we wish to make ammonia 
in this way we could do as is done at the Muldener Smelters : 
we could remove the ammonia formed by absorption, and repeat 
the process after having added a little nitrogen. In this way 
no hydi’ogen would be lost. 

The reverse attempt to obtain the highest possible yield of 
ammonia from a given amount of hydrogen never has so good 
chances of success. If we try to accomplish this by using a 
mixture containing much nitrogen and but a little hydrogen, 
then very little ammonia is formed, as the experiments of Haber 
and van Oordb have shown. Noting that when the content of 
ammonia is small, the sum of the partial pressures 

is practically identical with the total pressure, we may 
write as an approximation— 


X Pnj X fa, = 'K.\fB,{l - Pa,) = - yj^a,) 


or— _ _ _ 

= ^p\/:phh " l>Sla 


If, now, the partial pressure of the hydrogen has the value 0*99 
atmosphere in one case and 0*01 atmosphere in another; that is, 
if in one case we use almost pure hydrogen and in another 
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almost pure uitrogerij the ratio of the q^uantities of ammonia 
which we obtain in the two cases is— 


PmiQjr 


' 0 - 99 ^ ~ 0 - 99 ^ _ 
O-OP - 0*01^ “ 


The use of nearly pure nitrogen then depresses the ammonia 
content of the gaseous product till it is about 100 times smaller 
than when we started with almost pure hydrogen. It con¬ 
sequently escapes observation. 

On the other hand^ if we wish to choose conditions such that 
the yield of ammonia from the hydrogen will be a maximum, 
we make use of the easy transformation— 

0-67KiA/A X A 

^ ■ 1 + 0-67V'pfr7x A 


where the partial pressures as usual refer to the escaping gas. 
We see that this expansion gives a maximum value for y when 
the product X has a maximum value. This happens when 
the escaping gas contains as much nitrogen as hydrogen. 

Eecurring for the last time to our equation for the formation 
energy of ammonia, we observe that the value of the last term 
in this equation, 21*98T, is surprisingly large. It indicates 
that our assumptions regarding the specific heats are incomplete, 
and we surmise that a more exact knowledge of the specific 
heat of ammonia would so alter the expression that the constant 
would come out smaller. The numbers relating to the location 
of the equilibrium would thereby be somewhat changed, but the 
general ideas regarding the formation of ammonia which we 
have derived from our equation would suffer no alteration. 

The peculiar inertness characteristic of nitrogen, which 
appears so prominently in the preparation of ammonia from 
the elements, reminds us of the condition which we described 
in connection with the formation of nitric oxide. There we 
found that nitric oxide decomposed but slowly into the elements 
at an intense white heat. This peculiar inertness of nitrogen 
will always place a serious handicap on the cheap technical 
preparation of ammonia, particularly so long as the tremendous 
amount of combined organic nitrogen with which Nature has 
provided us lasts. Nature brings about the transformation of 















^^JSACTIONS WHERE NO. OF MOLECULES CHANGES 207 


eilementary nitrogen into ammonia and nitric acid in her slow 
Way with the greatest facility and on a most colossal scale. 
*While she has accumulated nitrates at but one place on the 
t^arth’s surface in sufficient q[uantities to mine—and its exhaustion 
is imminent—she has provided for us a much richer and more 
varied supply of combined nitrogen easily convertible into 
a,tnmonia. 
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The use of greater quantities of gas would, of course, in- Expcri- 
crease the accuracy of the determination, but at the same time LavoLier 
it necessitates a change in the method of procedure. A and 
closed vessel large enough to contain a sufficient quantity of 
gas would require a calorimeter of impossible dimensions. 
Consequently we abandon closed vessels, and resort to the 
device of passing a hot gas through a colder calorimeter, and 
measuring the heat it there gives off. In this way we are no 
longer determining the specific heat at constant volume, but at 
constant pressure. Lavoisier and Laplace,^ who first employed 
this method, using an ice-calorimeter in conjunction with it, 
immediately got better values than those of Crawford. Yet 
even their results are quite divergent from the true ones. 

It is easy to obtain large and easily measurable heat changes 
by passing large quantities of gas through a metal spiral en¬ 
closed in such a calorimeter, but, unfortunately, several sources 
of uncertainty are thereby introduced. The gas must, of course, 
be brought in a tube from the heating chamber to the calori¬ 
meter. It is not difficult to determine the temperature in the 
heating chambers, but it is much more difficult to ascertain the 
temperature change between the exit from the heating chamber 
and the entrance into the calorimeter. It does not suffice to 
place a thermometer where the gas enters the calorimeter coil, 
for if the temperature of the gas does not coincide with that of 
the surrounding metal cell at this point, then the reading of the 
thermometer will be determined as much by the radiation from 
the walls of the tube as by the temperature of the gas itself. 

Its readings are, therefore, incorrect. By bringing the heating 
chamber right up to the entrance of the calorimeter, we can, to 
be sure, cause the gas to enter the calorimeter at the tempera¬ 
ture of this heating chamber. But in this case the heating 
chamber heats the calorimeter at the junction, and may easily 
affect the calorimetric results. Regnault was the first to over¬ 
come these difficulties. 

Before perfecting this difficult method experimenters O^ay Lus- 
naturally looked about for a simpler one. Gay Lussac devised perh^^ents. 
a method by which he could measure specific heats, at 

1 Regarding these and other older experiments, see Regnault’s historical 
treatment of the subject in the Memoires de VInstitute de France^ 20 (1802), 

1 to 40. 
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into wliicli it had been previously forced through the tube gla by 
means of a force pump. The copper vessel was contained in a 
water-bath, ABCD, whose temperature was measured by the 
thermometer T, while the stirrer mnq kept the water in motion. 
The pressure in the copper vessel was determined by the 
attached manometer ef. The bottom tap h, which was closed 
hermetically below, allowed him to bring the copper vessel in 
communication with the atmosphere. 

In an experiment, the gas shut up in V, where its temperature 
and pressure were known from / and T, escaped through dhiH 
and the fine reducing valve TJ into the circuit oxti/a, leading 
to the heating coil. A capillary glass tube was cemented in at t. 
The screw of the reducing valve U was graduated, and the 
straight edge vw made it possible to return to any initial point. 
During the experiment the valve was regulated by hand, so that 
the manometer showed always the same difference of 

pressure aft. The gas, therefore, entered the capillary t always 
at the same pressure, and consequently passed through it and 
the remaining circuit at the same speed, provided the atmospheric 
pressure did not change in the mean time. 

The current of gas then passed through a metallic spiral, 
8 mm. in bore and 10 m. long. This coil lay in a box, ABCD, 
which was heated by a burner from below. This box, in turn, 
rested in a larger lead box GLD'K, which protected it from 
the outer air, and increased the constancy of the temperature. 
The box ABCI) was filled with oil, wliich was constantly 
stirred. The temperature was measured by the thermometer T. 

Eegnault’s most unique device was his method of attaching 
his heating apparatus to the calorimeter. The bath ABCD 
was made to belly out at one place, and the heating coil extended 
1 cm. out through and beyond this protrusion. The end of the 
coil is fitted by means of a cork into a thin-walled glass tube 
ending in the calorimeter vessel/. The calorimeter was a brass 
pot, in which were placed three brass boxes u\ There was a 
metallic spiral in each box prolonging the path which the gas 
must follow through the box. The calorimeter rested upon 
cork wedges in a protecting mantle. The temperature of the 
water in the calorimeter was measured with a thermometer 
graduated to and permitting to be estimated. A 
stirrer moving up and down kept the water well mixed. 
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THERM on YNAMICS 


Wiede¬ 
mann’s ex¬ 
periments. 


Tlie ad¬ 
vantage 
of Wiede¬ 
mann’s 
modifica¬ 
tion. 


Eilliard Wiedemann^ was able to considerably simplify 
Eegnault’s method by replacing his heating coil and calorimeter 
vessel by others of smaller dimensions and more manageable 
construction. This heating apparatus consisted of a copper box, 
M (Fig. 6), 20 cm. high, 18 cm. broad, and 21 cm. long, having 
the protrusion P devised by Eegnault on its right side. Instead 
of the heating coil, it contained a copper cylinder, G, 4 cm. in 
diameter and 11 cm. long, packed full of fine copper turnings. 
The gas entered through the tube mn^ and escaped through the 
tube 0 . As far as s the tube was of copper, but the small piece 
(17 mm. long) extending beyond the tip of the protruding part 
of the calorimeter was of German silver, which is a relatively 
poorer conductor of heat. As in Eegnault’s apparatus, the 
calorimeter was connected with the heating apparatus by means 
of a cork. The liquid in the heating bath was kept agitated by 
the stirrer V, and its temperature was read on the thermometer i. 
The temperature was constant during an experiment to within 
1°. The calorimeter was a very small silver vessel 5^ cm. high 
and 4*2 cm. in diameter. Inside of it were arranged three 
small vertical silver tubes 41 mm. long and 9 mm. in diameter, 
filled with silver turnings. Passage through a single one of 
these tubes was sufficient to cool the hot gas down to the 
temperature of the calorimeter. 

The use of metal turnings in the heating chamber and in 
the calorimeter was the most important improvement devised 
by Wiedemann. The extraordinarily increased rapidity of heat 
exchange between gas and wall thus obtained made it possible 
to construct the whole apparatus on a smaller and more 
compact scale than was possible for Eegnault. A second 
fortunate alteration in the construction consisted of an arrange¬ 
ment by which the temperature of the gas could be measured 

^ Fogg. Ann., 157 (1876), p. 1. 


° Prepared from alcohol and sulphuric acid; washed with sulphuric acid 
and potassium hydroxide solution ; doubtless impure. 

Prepared from concentrated hydrochloric acid and absolute alcohol, 
washed with water, liquefied, dried over calcium chloride, redistilled. 

® From potassium sulphide and calcium ethylsulpliatc; washed with 
water and distilled from calcium chloride. 

® From potassium cyanide and calcium ethylsulphate. 

From sodium acetate and calcium ethylsulphate. 
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Holborn and Austin ^ recently so altered the method that an 
initial temperature of 800° could be used, and so made it possible 
to measure the specific heat of gases over a much larger range. 
They heated their gases electrically in a nickel tube 8 mm. in 
diameter and filled with turnings. The gas was taken from 
commercial bombs, led through a long drying tube, then through 
the heating tube, and into a short connecting tube of porcelain. 
This last takes the place of the cork connection of Eegnault. 
The gas then escapes into a silver calorimeter containing 1J litres 
of water. The temperature of the gas was measured by a 
platinum-rhodium thermoelement (according to Le Chatelier) 
just before it entered the calorimeter. The wires of the thermo¬ 
element were 0*25 mm. thick, and isolated by thin q^uartz 
capillaries. The junction was protected by a special device 
against radiation from the sides of the tube, and against heat 
conduction. The gas finally entered a rubber bag contained in 
a bottle. As the bag expands water is expelled from the bottle, 
and the change in weight is noted. The mean specific heat 
between— 

20° and 440° C. 

20° „ 630 ° a 

20° „ 800° C. 

was determined. The following values per gram for air, nitro¬ 
gen, and a mixture of oxygen with 9 per cent, nitrogen were 
obtained. Eegnault’s values are appended in brackets. The 
values for pure oxygen are calculated from the observed values 
of the mixture of oxygen with 9 per cent, nitrogen and that of 


pure nitrogen. 






Mean specific 
heat between 

N, 

O2 with 
9 %N 2 . 

O2 pure. 

[ Air. 

Air calcu¬ 
lated from 
Ns and O2. 

10 ° and 200 ° 
20° „ 440° 
20° „ 630° 
20 ° „ 800° 

(0-2438) 

0-2419 

0-2464 

0-2497 

0-2265 

0-2314 

(0-2175) 

0-2240 

0-2300 

(0-2375) 

0-2366 

0-2429 

0-2430 

0-2377 

0-2426 


Experi¬ 
ments of 
Holborn 
and 
Austin. 


Holborn and Austin remark that their numbers for air 
and nitrogen agree satisfactorily with Eegnault’s, while their 
1 Bitzungsler. der Kgh preuss. Akad., 1905, p. 175. 
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The '' calculated values ” were obtained from the formula— 

6*(o,o = 0-2028 + 0-0000692if - 0-0000000167^^ 

which, in turn, was derived from the actual measurements. We 
can obtain the true specific heats referred to a gram of carbon 
dioxide and at constant pressure by multiplying by t and differ¬ 
entiating with respect to t. This gives— 

Ctrue = 0-2028 + 0*00013842^ - O-OOOOOOOS?^^ 

Calling t = —273°, we get for the true specific heat at absolute 
zero— 

c = 0*1613 

If, finally, we replace the gram by the gram molecule as a unit 
of mass, we get— 

^^o.T) = 7-097 4- 0-003045T - 0-0000007351^ 

If we attempt to express the increase of the mean specific 
heat with the temperature between 200° and 800° by^a linear 
expression, we find that the term representing the increment 
agrees very w^ell with the number obtained by Langen from his 
explosion experiments. 

Holborn and Austin give the following table, comparing true 
specific heats of carbon dioxide at constant pressure determined 
in various ways. In it are given the values derived from 
Eegnault’s, Wiedemann’s, and their own experiments; also 
values calculated by help of the formula of Mallard and Le 
Chatelier for the specific heat at constant volume— 

cko,o = 6*3 + 0-000625 - O-OOOOOllS/J^ 

and by help of Langen’s formula— 

0 = 67 4“ 0*002625 


C'C. 

iMgnault. 

Wiedemann. 

1 Mallard and 

1 Lc Chatelier. 

i 

Langen. 

Holborn and 
Austin. 

0 

01870 1 

0-1952 

’ 0-1880 

0-1080 

0-2028 

100 

0-2145 : 

0-2169 

0-2140 1 

0-2100 

0-2161 

200 

0-2396 i 

0*2387 

, 0-2390 

0-2220 

0-2285 

400 

_ 

___ 

0-2840 

0-2450 

0-2502 

GOO 

_ 

— 

0-3230 

i 0-2690 

0-2678 

800 

— 

1 

0-3550 

0 2920 

0-2815 
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effect of pressure becomes less the nearer the gas approaches 
an. ideal gas in its behaviour. We therefore find that pressure 
has a very slight influence even at ordinary temperatures on the 
so-called permanent gases, and in the easily condensible gases 
the effect of pressure vanishes as we approach the high temper¬ 
atures at which gas reactions mostly take place. 

Joly^ has undertaken the direct determination of the Joly’s ex¬ 
specific heat of gases at lower temperatures at constant volume. 

The principle of his method is as follows. A metal vessel is 
hung by a fine metal filament from the pan of a delicate balance, 
and its weight determined. The vessel hangs freely in a cavity 
through which a rapid current of steam from some sort of boiler 
may be forced at any desired moment. As soon as the weight 
of the vessel has been ascertained the steam is admitted. When 
the steam strikes the cold metallic vessel, it condenses upon it 
and heats it with its heat of condensation to the steam tempera¬ 
ture of 100°. Further condensation does not take place, because 
the vessel, being freely suspended in a space filled with steam 
whose walls are kept constantly at 100,° can lose no heat by 
radiation. The vessel becomes heavier because of the water 
condensed upon its surface. This increase of weight rapidly 
approaches a permanent maximum, and may be readily deter¬ 
mined. It permits us to find directly how much heat is 
necessary to raise the vessel from its initial temperature to 100°, 
since the latent heat of the vaporization of water is known. If 
we first use the vessel exhausted, and then filled with gas, the 
difference between the two increments of weight gives directly 
the quantity of heat necessary to heat the enclosed gas to 100° 

Hence we get the specific heat of the gas at constant volume 
between this initial temperature and 100°.^ 

This method may very well be used to test how much the 
specific heat of a gas at constant volume depends on the density 
of the gas. For this purpose it is only necessary to use a gas 
first at a small pressure and then at a greater one. Still, it is 
impossible to determine the values at high temperatures, which 
are of special importance to us, with a steam calorimeter. 

1 Joly, FML Trans,, 182 (1892), 73. 

^ Air, carbon dioxide, and hydrogen were investigated. For a criticism of 
these results, see Wiillner, ‘‘ Kxperimentalphysik,” vol. ii. (Leipzig, 189G) 
p. 538. 
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the static pressure from the beginning of the explosion till the 
bomb had cooled off. They could determine the rate of cooling 
of the gas-mixture from this curve, and could therefore apply 
a correction of the observed maximum pressure to account for 
the slight amount of heat which the gas lost during the process 
of combustion, and which consequently contributed nothing to 
the rise of pressure. In Vieille’s method it was only possible 
to determine this coirection indirectly and incompletely. 

Clerk ^ later performed several experiments, analogous in 

principle to the experiments 
of Mallard and Le Chatelier, 
with a cylindrical bomb, a 
spark igniter at the bottom, 
and a steam-engine indicator 
to record the pressure. 

Langen ^ employed tlic 
most highly perfected ap¬ 
paratus of this type. He 
used a spherical explosion 
bomb of steel with a capacity 
of 34 litres, thus reducing 
the loss of heat during com¬ 
bustion to a minimuna. The 
gas was electrically ignited 
at the centre of the bomb. 
The loss of heat during com¬ 
bustion, and consequently 
the correction to be applied 
to the maximum pressure, 
was smaller in this large apparatus than before, and at the 
same time the gas cooled off more slowly, and consequently 
the correction could be more easily determined. 

His bomb is illustrated in Tig. 7. It is enclosed in a large 
vessel through which water is kept flowing. The bomb may 
be evacuated through a cock attached to its lower part. The 
cover of the bomb has three openings—one for leading in the 
gas to be studied; a second for attaching an open, two-armed 

1 Dugald Clerk, “ The G-as and Oil Engine.” London, 1897. 

^ Mitteiluiigen iiber Forschungsarbeiten aus dem G-ebiete des Ingenieur- 
wesens ” (Berlin, 1903), Heft 8. 
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mercury manometer; the third for attaching the indicator a, 
which was practically identical with the common and widely 
known instrument of commerce. Its pencil recorded the static 
pressure on a drum, which revolved at a regular but adjustable 
velocity. The electrical contacts c and e were so arranged that 
hy pressing a button the recording apparatus and the apparatus 
for measuring the velocity of revolution of the drum were 
simultaneously started, and directly afterwards the spark igniter 
was made to act. The purpose of the mercury manometer was 
chiefly to measure the initial pressure before explosion, and 
the final pressure after the exploded gas had completely 
cooled off. 

It cannot be denied that measurement of pressure with 
this apparatus presents no serious difficulties. The correction 
for the maximum pressure applied by Langen is, perhaps, sus¬ 
ceptible of some improvement, because, while the heat conduction 
by the walls was coiTected, the heat radiation was not.^ 

This correction, however, amounted to only a few per cent, 
in the experiments of Mallard and Le Chatelier, and would be 
even less in these experiments; consequently any inaccuracy 
in it could not greatly affect the results. If the reaction pro¬ 
ceeds without perceptible dissociation taking plaCe, then the 
calculations of the specific heat of gases from these experiments 
by means of the gas law (pv = RT) is certainly the simplest 
way to find out anything about the specific heats of gases at 
high temperatures.^ 

The other method, which we have considered in this same The 
connection, makes use of the crusher manometer. This method 
has the advantage that we can employ higher temperatures meter, 
without fearing that dissociation will ensue. 

The following figure (Fig. 8) will serve to illustrate tMs.^ 

A charge of high explosive is freely suspended in the cavity 

1 Compare Neriist, Physihal. Zeitschr, (1904), 777. 

2 Langen’s experiments have been repeated lately by HaUsser with a 
very much smaller apparatus (“Mitteilung iiber Forschungsarbeiten auf 
dem Gebiet des Ingenieurwesen,” Heft 25 (Berlin, 1905). The results seem 
to be affected seriously by imperfectness of the apparatus (see Haber, ZeiL 
fw Gasheleuchtung und Wasserversorgung (1905), p. 1046). 

^ Nach Heise, “ Sprengstoffe und Ziindung der Sprengsqhusse.” Berlin, 

1904. 
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such a crusher manometer in the deduction of specific heats, 
it is essential that we know the nature of the explosive we 
employ. Apparently no calculations of this sort, other than 
those of Mallard and Le Chatelier just mentioned, have ever 
been undertaken, although the apparatus finds everyday use in 
the manufacture of high explosives, and the possibility of obtain¬ 
ing data regarding the specific heats of gases at high temperatures 
with this apparatus is apparent. It should further be noted 
that surprising chemical facts have come to light in these ex¬ 
periments under high pressure.^ 

We will now discuss how the ratio ic, between the true The ratio 
specific heats at constant pressure Cp and at constant volume 0^, 
may be determined. Knowing this ratio, we can obtain the true 
specific heat at constant volume per mol, because— 


and hence— 



+ R 

(‘0 




11 


k: — i 


The true specific heat per mol at constant pressure would be— 


(‘p — 


K X E 

K - 1' 


The determination of the value k for gases depends upon certain 
phenomena accompanying an adiabatic expausion. Thus, if a gas 
has a pressure at a volume v, then after an adiabatic change 
the pressure jpi and the volume are connected by the relation— 


pv'^ = 


If, instead of the volume v, we substitute the concentration 
or as it is usually called in this connection, the density (d), 


we get— 

__ (diY 
p \(l/ 

A method orimnating with Clement and Desormes permits Procedure 
° ^ of01(fmont 

1 Sarrauand Vieille, 105 (1887), 122S, find that the reaction— 

2CO + 2 H 2 = CH, 4- CO, 

is greatly favoured by high temperatures and pressures. 
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from the walls of the vessel, so that the rise of pressure after 
closing the cock comes out too small. 

Gazin ^ has carried out an investigation to determine how Cami’s ex- 
long one must wait in order that these oscillations of pressure 

shall have just ceased. He closed the cock the very moment 

this condition was reached. In this way he got the following 
values:— 

Gas Air 0 . H. CO NH3 CO^ N^O SO2 C2H4 Ether 

« 1*41 1-41 1-41 1*41 1-41 1-328 1-291 1*285 1-262 1-257 1*079 

All the values refer to ordinary temperatures. Some of the 
gases did nob possess the desired purity. Ethylene is, for this 
reason, especially uncertain. 

It is clear that heat communicated from the walls is more 
dangerous the smaller the vessel one uses, for just so much 
more unfavourable does the ratio of area to volume become. 

Gazin was mindful of this, and* used vessels of 30 and 60 litres 
capacity. 

We must conclude, however, from a critical discussion of Rontgen’s 
Gazin’s results by Eontgen, that he left the cock open too 
long, and consequently got too small final values. Eontgen ^ 
materially improved the method, using a vessel of 70 litres 
capacity, and a very delicate manometer. He determined both 
the initial pressure P^, the pressure B after a brief opening of 
the cock, and the final pressure Pe. He applied a special 
correction for the heat communicated to the gas by the walls of 
the flask. He obviated the effect of oscillations of pressure by 
the arrangement of his manometer. In this way he got the 
very accurate values for— 

Air = 1*4053 
Garbon dioxide = 1*3052 

at ordinary temperature. The high thermal conductivity of 
hydrogen vitiated the results obtained for this gas. 

Maneuvriei',^ partly in collaboration with Fournier, Manen- 
attempted a somewhat different procedure. He compressed trier’s 

JL X. X DGPinQLdltS 

the gas contained in a spherical vessel of ca. 50 litres capacity 

1 Cazin, Ann, Chim, PA 2 /s.,iii. 66 (1862), 243; see also iv. 20 (1870), 243. 

Fogg. Ann,, 148 (1873), 580. 

Ann. Ghim. Fhys. (7) 6 (1895), p. 321 ; also p. 377, where a table is 
given showing all previous values of k. 
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Velocity 
of sound 
in gases. 


momentarily in the plane of the U, oscillations were set up in 
the mercury, whose period Muller measured to within a 
thousandth of a second by means of an electrical recording 
device. In the cases he studied the period was usually about 
^ second. The mercury came to rest after some 50 such 
oscillations. If now a glass globe holding somewhat over a 
litre of the gas be placed upon each arm of the U-tube, we find, 
on repeating the experiment, that the period of the oscillation 
becomes shorter. The cause of this.is the alternate compression 
and expansion of the gas in each globe. Muller’s apparatus 
showed this difference to be about OT second. When exactly 
measured to the thousandth of a second, this difference permits 
us to compute the ratio of the specific heats, provided the 
volume changes are adiabatic. It is doubtful whether this is 
really the case. Yet the results seem serviceable, even though 
they are certainly not so accurate as those of Eontgen and of 
Lummer and Pringsheim. 

All his experiments were carried out between about 0'^ and 
50°. Carbon dioxide was investigated from 9*6° to 33*4°, and 
ammonia from 10*7° to 30*1°, and yet no change due to the 
temperature was discovered, although a very accurate method 
should have disclosed one. Such a change was observed with 
several vapours, and the result obtained with them are placed 
at the end of the following table; yet here the value of k 
is also dependent on the pressure. 


Gas. 

Temperature > 
interval, 

OC. 

K 

Gas 

Temperature 

interval, 

oc. 

tc 

Air 

10 to 22 

1-405 

CH,G1 

16 to 17 

1-199 

O2 

16 to 21 

1-402 

CHCla 

23 to 39 

1-110 

CO, 

9-6 to 33-4 

1-265 

OH,Cl, 

24 to 42 

1-12 

HCl 

18 to 41 

1-398 


15 to 30 

1-243 

HBr 

10 to 38 

- 1-365 

CIIsCOH 

23 

1-146 (?) 

SO, 

10 to 34 

1-256 

CllgCOI, 

> 44 i 

1-04 

II2S 

10 to 40 

1-276 

(bli.Cl' 

21 to 30 

1 -12G 

cs, 

21 to 40 

1-189 

C,H4C1. 

42 

1-086 

NH, 

17 to 30 

1 262 

CHsOClf, 

C to 30 

1-113 

CII, 

19 to 80 

1-316 


22 to 45 

1-029 


Now, the passage of sound through gases generates very rapid 
adiabatic changes. Besides, observations of the velocity of 
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Kundftj 

metliod. 


of 3 cm. bore show no noticeable deviation from conditions in 
a free gas space.^ 

Dulong ^ was first able to derive good values of k: from the 
phenomena of acoustics. He made use of the old idea of blow¬ 
ing a whistle in the various gases and determining the pitch. 
The number of vibrations in the note emitted is proportional to 
the velocity of the sound. Knowing the density of the gas under 
standard conditions and the temperature, the value of ic relative 
to air can be calculated. Dulong obtained the absolute value 
of K for air by direct measurements of the velocity of sound in 
the open. Masson ® made a large number of measurements by 
the same method. We have placed the results of both these 
men in a table of Wiillner’s given somewhat farther on. 

The use of these whistling notes is always affected with a 
slight uncertainty due to the mouthpiece. It has therefore been 
generally abandoned in favour of the method of Kundt/ which 
permits us to directly measure a wave-length. Kundfc generates 
stationary waves in a tube containing a little fine dust. The 
dust in this '' wave tubecollects at the nodes, each of which is 
a half wave-length from its neighbour. If A is the half wave¬ 
length, and X the number of half-vibrations which the note 
makes in a second, then— . 


and hence— 




2 


Kundt always compares the wave-length with the same tuning- 
fork in the gas and in air—that is, always using the same 
freq[uency, It then follows, if the index L refers to air (Luft), 
that— 

V V 

X\l) T(L) 

The use of high notes not only eliminates the disturbing effect of 
the walls, but gives a larger number of nodes in a moderate distance 
whose mean distance apart may he very accurately determined. 


1 For the literature and new experiments, see Sturm {Brudes Ann., 14. 
(1904), 823). Compare also Vieille’s paper on the velocity of sound Rapports 
presentees an congr^s international de Physique” (Paris, 1900), voL i. p. 228) 
Dulong, Ann,, 16 (1829), 438, Ann, Chim. Fhys., 41, 113. 
Masson, A?in. Ghim, Fhys,, 53 (1853), 277. 

* Fogg, Ann., 135, 337 and 527 (1868). 
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Wullner^ has executed a series of measurements at 0° and Wuiiner’a 
100°, using this acoustic method. He tabulated his results with 
those of Dulong and Masson, and we reproduce the table here:— 


Gas. 


Air . 

Oxygen . 

Nitrogen . 

Hydrogen . 

Carbon monoxide 
Carbon dioxide .. 
Nitrous oxide 

Ammonia . 

Ethylene . 

Nitric oxide. 

Marsh gas . 

Sulphur dioxide .. 
Hydrochloric acid 
Hydrogen sulphide 


Dulong-. 

Masson. 

Wiillner 

00 

lOQo 

1*405 

1*405 

1*4052() 

1*40513 

1*402 

1*405 

_ 

_ 

— 

1-405 

_ 

_ 

1-3W 

1-405 

_ 

— 

1*410 

1*413 

1*4032 

1*3970 

' 132G 

1*277 

1*3113 

1-2843 

1*331 

1*270 

1*3106 

1*2745 

— 

1*304 

1*3172 

1*2791 

1*228 

1 260 

1*2455 

1*1889 

— 

1*394 

— 


■ — 

1*319 

— 

— 

j — 

1*248 


1 — 


1*392 

— 

— 

1 “ 

1 

1 258 

— 

— 


The fourth decimal figure in these results is quite uncertain; 
the fifth is wholly so. 

Oapstick^ has also made many determinations by this 
method. 


oxpen- 

ments. 


Gan. 


^[ethane . 

Methyl chloride 
Methyl bromide .. 
Methyl iodide 

Ethane. 

Ethyl chloride 
Ethyl bromide 

Propane . 

n. propyl chloride.. 
Iso propyl chloride 
Iso propyl bromide 
Methylene chloride 
Oldoroform . 




Formula. 


(JILCl 

(]H;i3r 

CH,I 

c.h; 

C,H,Br 

0,H,01 

o:h,oi, 

CHOI,, 


K 

(ia«. 

Formula. 

1*313 

Carbon tetrachloride 

CCI, 

1*279 

Ethylene chloride... ' 


1*274 

Ethylene ... ... 1 

0 %r 

G 2 tig nr 

1*286 

Vinyl bromide 

1*182 

Allyl chloride ... 

0,H,C1 

1*187 

Allyl bromide 

0,H„Br 

1*188 

Ethyl formine 

1 HGOOCIIr, 

1*130 

Methyl acetate 

ICHsCOOCHs 

1*126 

Hydrogen sulphide 

1 SH, 

1*127 

Carbon dioxide ... 

1 CO., 

1*131 

Carbon disulphide 

1 OS.: 

1*219 

1*154 

Silicium tetrachloride 

:1 SiCl« 


K 


M30 
M37 
M34 
1*264 
1*198 
1*137 
1*145 
M24 
1*137 
; 1*340 
’ 1*308 
, 1*129 


^ Wied. A\n7i., 4 (1878), 321; corrected results in Wiillncr’s “ Handb. 
der Pliysik,” 5t h edit., vol. ii. p. 553. 

London I^il. Tranf^., 185 (1894), 34 ; and Trans. Royal Soc., London ^ 


57 (1895), 323. 
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Dust ■ This dust figure method may be used even at tempera- 

tures of several hundreds of degrees. Kundt and Warburg^ 
tempera- used it near 300° in a celebrated research where it was wished 
to determine the value of k for mercury vapour. The arrange¬ 
ment of their apparatus may be easily seen from Fig. 9. 
Strecker ^ later used the same method to determine the ratio 
of the specific heats of iodine, bromine, chlorine, and a series of 
compounds containing other elements. We see a glass tube in 
the figure about a metre long, closed at both ends and clamped 
at 5 . This is the '' sounding tube/' The point 5 is about 
30 cm. from its left-hand end. Its right-hand end is firmly 


tr 





Fig. 9. 

attached to the glass tube, about 3 cm. wide, in which the gas 
to be studied, as well as a little finely powdered silica, is con¬ 
tained. Inside this so-called '' wave tube ” there is another 
tube, open at both ends, in which the wave figures are formed. 
An inner tube of this kind is necessary, for the vibrations of the 
glass of the outer tube interferes with their formation there. 
The left-hand end of the sounding tube projects at i into 
another glass tube, k, closed at the opposite end, and containing 
air and lycopodium powder. This tube serves as a comparison 
tube. The heating apparatus in which the experimental tube 
is contained is really nothing .but a large air-bath heated by a 
row of bunsen burners. It has triple walls and floor, Ki, K 2 , and 
K 3 , with corresponding covers, D, D 2 , and Da. Thpmometers 
are introduced through the end walls at r and t. Alongside 
the wave tube is an air-thermometer, L, with a t^in stem e. 
When the sounding tube is rubbed to the right ^f s with a 

1 Fogg. Ann., 157 (1875), 353. f 

Wied. Ann., 13 (1881), 20; 17(1882), 85./ 













DETERMINATION OF SPECIFIC HEATS OF GASES 241 


damp cloth, so that a longitadinal vibration and a high note are 
produced, the air in the comparison tube and the gas in the 
wave tube are set vibrating. The length of these stationary 
waves is shown by the lycopodium and silica powders. Kundt 
and Warburg,^ as well as Strecker, take the value of k for air 
which liontgen obtained in his above-mentioned experiments. 

The accurate measurement of the wave-lengths in the experi¬ 
mental tube is rendered somewhat difficult by the fact that the 
glass tube contracts slightly on cooling, and the distance 
between nodes appears somewhat shorter than it should. 

Strecker found the following values :—^ Strcckcr's 

CI 2 Br. I 2 ClI BrI HCl HBr III mS" 

1*293 1*294 1*317 1*33 1*394 1*431 1*397 

At high temperatures we can no longer use glass, and The 
c 4 uartz is not applicable because of the large dimensions 
necessary. This exhausts our supply of available transparent measur- 
substances, and, since we must see the node deposits in order to 
measure them, prevents us using the method under these con¬ 
ditions. Nevertheless, the acoustic determinations of wave¬ 
lengths at least in air have been twice carried out at temperatures 
up to nearly 1000° by another method. The method in each 
case w^as based on a principle originated by Quincke. When a 
tube closed at one end is filled with stationary sound waves, there 
is a wave-crest at the closed end. At a quarter of a wave¬ 
length from the end comes the first node, and at a distance of 
a half wave-length comes another crest, and so on. By using a 
hearing'' tube, which may be shoved along the tube contain¬ 
ing the gas, it is possible to recognize and locate the change 
from crest to node. Quincke made use of this phenomenon in 
his acoustic thermometer. 

This acoustic thermometer of Quincke consisted of two 
straight tubes, one a wider interference tube and the other 
a narrower hearing tube. The interference tube was from 

1 Wied. Ann,, 63 (1897), 66. 

Strecker’s value for chlorine is almost exactly identical with the value 
which Martini (Phil. Mag. (5), 39 (1895), 143) and Beibltor {Weid. Ann. 

(1881), 565) found at the same time and by another method at 0°. This 
value was 1*327. Martini measured the lengths of tubes at which the tubes 
when filled with the gases were in reasonance. These lengths are directly 
proportional to the velocity of sound in the gases. The experiments were 
extended to COg and NgO. (Beibl. Wied, Ann,, l.c.) 

R 




Stevens’ 

experi¬ 

ments. 


Kalahne’s 

experi¬ 

ments. 
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40-150 cm. long, 1-5 cm. wide, and closed at one end. Into 
this the glass, metal, or clay hearing tube was inserted. It was 
from 1-2 m. long, 4-6 mm. clear bore, and its walls were from 
0 75-1-0 mm. thick. The hearing tube was open at both ends. 
One end was connected with the ear by a rubber tube 1'2 m. 
long, 5 mm. in inside diameter, and with walls 2 mm. thick 
The open end of a sounding box attached to a tuning fork was 
placed before the mouth of the interference tube, and the 
hearing tube was shoved in as far as possible. If the hearing 
tube was now drawn slowly out, maxima and mimima were 
observed distant a quarter of a wave-length from each other. 
The distance between any two of the minima could be read off 
by means of a millimetre scale placed alongside the hearing 
tube. In this way the ear was made to take the place of the 
dust figures of Kundt and Warburg. 

The method gives good results at ordinary temperatures. 
The observations are more difficult to carry out at high 
temperatures. Stevens found the following values for air in 
this way:— 

At 00 1000 950° C. 

K ... 1-4006 1-3993 1-34 ± 0-01 

The ratio of the numbers for 0® and 100° is more certain than 
the numbers themselves. They are given to four places, in 
order to show the decrease of 0*1 per cent, in the value of k 
between 0° and 100°. According to Kalahne,^ Stevens’ measure¬ 
ment of temperature is in error at 950° by some 27°, and k is 
consequently 0*03 smaller than it otherwise would be. 

It is a serious disadvantage, in using the acoustic thermometer, 
that we are obliged to use tuning forks which will keep sounding 
for a long while. Only forks of rather low pitch fulfil this 
requirement. These slowly vibrating forks give very long 
waves at high temperatures, and it is consequently necessary to 
use very long interference tubes, and to keep them very exactly 
at the same temperature; which means, of course, increased 
difficulty of experimentation. Thus, according to the different 
tones used, Kundt and Warburg found a half wave-length of 
2 cm. in mercury vapour, Wullner a half wave-length of 6-5 cm. 
in air and Stevens one of 60 cm. in air at 950° 

Later Kalahne^ employed a ''resonance’’ method originated 

1 Drude’s Ann., 11 (1903), p. 231. ^ Ibid, 
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l»y {iiicl cbvijlij|njtl liy Heelmcjk ^ ami It in based 

on ilie ffdltiwiiig |riiiei|ila A striii|{ht tube of«)n at both cikIh 
m providt^tl with a rtitivalile pktciii. The piskm head is nearly 
m lar*^e iii tlie crosH-Heelidii cif the tube, ami tlierefore shuts off 
an ttir-ciiliiiiiii cif viiriiiblii length extending from it to the mouth 
jif the tiling A kdeplmiie is placied direetly in front of tlio 
tiibij’s iiiontli, aiid its irieiiiiirarie is sot Vibrating by an inter- 
iiiit.leiii idectrie eiirrtnil at the rate cif perhaps a thousand vibra¬ 
tions to the ««coiiil These vibrations enkr the tube and set up 
still ioiiiiry If lives in ih At eertahi definite positions of the piston, 
iilirnys 11 half wiivii-leiigth distiint from one another, pronounced 
iiiiixiiiia Ilf rirsoiiiiiic'ii lire obtiiiiiecL These are best observed by 
indiig a riibiier itibe cijicmhig near tfie mouth of the tube and 
leadiiig to ilni mr. It is advisable to introduce a Quincke 
iiiim-rcireiieti ttibo into this rublior tube, thereby dampening the 
ftiiicliiiiiiiiital tone iitid the undertones, and leaving only the high 
iiviirtoiiei, with which ihc maxima may bo determined witli 
mipetdiil |iret?itioiL 

Tfiis iirrufigeiiiiiiit tcio, according to Kaliilme^s experience, 
iMicomijs iiiori! diflictilt to use the higher the temperature. 
ICiilihiie foiiiid no pcircepiible diaugo of k with the temperature 
tip id 4rdr. Ml* funnel, with Htevens, that at liigher tempera- 
liiroB K biimiiiitu siiiiiller, tlioiigh he did not find so great a 
liiliiriiiicti IIS did Btoveiis. Thus, according to him k decreases 
to but l%1!l at IHUf, and not to l*'f4 ; that is, it only decreases 
Ity iilimii per cetiL of il» vidim at ordiiiary temperatmm 

To illiisiriiie iliti iippliciiiioim wliicli this method has founcl, Low'« 
we will ittbl the remilti wliicdi Webster Low obtained for a 
iiiiriilier of giiaii#, twiiig it in ii somewhat modified form and at 
onliiiitry itiifij«riitiirt»i. 

Iiw. I >i 

Atf ... ... ... ... ! iKiiim 

iA\ ... ... ... ... j |*20f4 

El Itrr vB^mm ... ... ... ' l *0214 

... ... ... *i toilKM 

Tim value ftir Iiyilrogeii is iiiexacL 

* ||ri4»**p|4, J»Mrf ISO (IS70X 
Lrif, iMb 



^44 

Ks|w*ri* Tilt! iif llir, iiirllniii mr imi 

liiiiiff^*! iii llii*y 

mil iiivt»h« tlit» iim» Ilf fipt'ii tiilti%’'i. wliifli :ii iii:ili i**iii|it“i,iiiir»-'i siri: 
Hlekimi*lir. |i» kiTp llll»*4 willi fli»li 'iir. Isi ll/- . 

tliii iiic*tlicifl wltii‘it 11144 St*4iitt*'ki Ii4»**'jp4 :‘4iiiMiiii*''r4 ^ 

Bmmm 1** tut ii liisliiiri iiiij»iM\piii*iif. In tlii' iii»‘fip«i tin* 
iiiiiiiliiT ^4* iiiiptil(?i‘4 j«*r :'pruu4 fi*Miiiir4 im I p|* '?yfii|f‘4l!piif' 

viliriiliiiit 111 II rliiH'ti ltilt«‘ tsJlr4 iiiili lln^ niitlfi 
lit II givrii tniijiPiftliirr fiiit‘iii4fi*”4. 

Tint flip lyjlllg f4||i %*py ||ff^ llir|i|v|r ,41 t}|r |r Ilf 

iili ip\{i«liliiiifliil liiilliii? wlik'll }m4r h^i*u in IIiia In 14. 

li itlP^nl II iip4lp«l'i 

iiciw lit tiitr 4sH|«ifiaI ihlrmuumn lipaf,'. 

It ki «%44rfit tliiil rvpr)iliiik 4 trkl !« Iituli 

tiiiiipriaiiirpH in i4i!l iii ii iiip.t iitif«‘lllr4 *'p|i<lsti*fii. Tji<^ 
ymim c#f wliii4i f<fl|iim’p4 llir i'% 

Ilf Miilliini aii4 Ln f 1i*il«lirr nini i»f iiii*l Vnilk:' Ims 

kflllt jir4 Iilwllfllil. I?i m rll4 hy tli»* r,f 

Hmw.m aiifl Kikliiip, IfifllMW iiii»l hipI TipriN^ii iiii4 

Sleiitwitlir. 

Al I Imi i*iici «€ tlip Fiiiirils wr' llti* 

cif tWitdug l!i«i hmt% »t iiigli l< iitj#‘t*iiiir<*f« irtnit 

ec|iiililiriiiiii aii*i*t4irriiiriiK llitgiiiinll/ii iiirfluKi 34 itiii}iliiiril 
liy Ifr4kirii iiin! flit? i#l ji|M«-iitii |jrp«;itifr«, 

ftttil iliis eliiiitiii:it! iittilit4 «iffrr ilm li#.4 u fur wlilitliiiiiii 

ttcxiiimt# msiilln. 

^ Jf./. ‘iJ .III, iif4 if » 131, 













SEVEXTII LKCTUHE 

THE llETEIIMIMATHiH fiF CjAHEOfm Ec|iriEniIHA. TnE«)UKTrc’AL AHI) 
CHiHKIirATKlNB flEclAllDiXa HMLATEH BmJFArm 

IfiiH Iftst leeilirci wil! lia (itiFotecl t<i a consiclemtion of iiiattars 
iiiijMirtttiil ill aqtiililiriii clofcarmitiations, fisptcially at 
t4iiii|ieii4tora& In cotineeticm mifcli this we shall find opportunity 
fur troatiiijf niiiiij theoretical tinl tf^elinic!al questions wliitdi we 
!iii¥e not herotfiftirti f.ciiisitleritcL 

Wti limy iiivestigiite gaseous equilibria in several waysd 
If II eliiitigii in the iiiiitilier of reaciing inolemdim takes place 
during the reliction wliieJi lefitk to the ca|iiilihriuin, as, for 
iiistJiiiia*, in llte rfuiriioiis— 

2 N()a5!:Ny)i 
2 HO, + 0.i$2H0, 

\m liny ilei4*rifiiiic* the coriipositiciii by measuring tlie changing 
difiiiity of till! iiiixiiirif. We hoeanie acquainted in the Fifth 
I.ectiiri* with seviiral exaiiiphts illustrating this method. Again, 
if llie fsilfiiir etmiigfii, as it does in the dissoeiation of nitrogen 
fotroiide, %%* may also investigate the ecinilihrimn eolori- 
iiielrktlly, as Biiliitlias diiiia The Natanson brothers ® have 
reiilufitl 14 third |»«iljility by investigiiting the velocity of 
‘ioiiiid ill iiitrogfffi cliiiiide iiinl teiroxide, using Kundi's 

^ Tlw! rif by nieatis of fliatilfy fiiitiirmhja- 

fbiii k IrffUltfl fiTj fully by Wincllfutfi la ** das Mokkiilar- 

gifwiciito” (lirriifi* Wfri), An iixteiiiliid blblbgriipfiy k ^f#a in the namij 

» ihmpi. IM., ill iinmi, 4m. 

3 iriV4 4mi., n mmh 4B4. 
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iiiiiliMiL III t!it *. fli**} f’'*h *1 ilr* i4* 

*iii !li*‘ «oj|f!f!i- u -4 ii* 
iiii I!p^*I»^ till" ‘I*? a'ri ill 'Ip s 
On lliti t4!i«T h;iii*i, rlp-ini*'i1 ]u* 

iipj4ii^4 till?, for oi|i» 14 

IliP rrfii f!M»'ii!' In’ no iir* ^4 .*! 

I prp‘'*iif wi!! iHiiiio*ii,in-|} 4*1 !o !,i|o f||P 

I«i.^i. If flii'i if-fiiriii-tiioif piiv r n iUi ‘AfiV 4|i|ir'> 
rapiflify, Mi,r ;iiia!uj<"il n. yi7 1 * n • t]!« f^r 

iiliiit Wf* i' lilt! tip* !l,» Pi* <n “ I ^•ipimniii 

iiirtiiillj jiP^'Hit ill llio I ijril'i!.! am iipivmh*', i 4to*n li.al 

lilipilllif. iliti*ra'P’4 !iy mini n foipir i * lli^ 4 , nf 

itl 1.11 »rj*114111, 11in ipp Ilf an riii4>o« 4 jiptL 7^ t':,i n 

lliiil fill* vpifipily ttiflimln li noalip ti-p iit Oo i atn 

tikm jilicp* liin {if'ofi i*’4p < 4» 

Tlii^riMira tu'iuy pr<' nh%u^ ,1 .yi 
Nlmvly aftiiiimi For iipnaia I* ol* ^ in nIFnr 

?l liiS^lnip Ilf puliiip air4 ! fof f ’40 1 I 4 .I a lialf 

2^4 l\ III unF'f In fnlli attain an f *pifh^fr/i§u niiirli 

liitil lifPii Vf^ry liPiifl^ In lOnn l-i 4 P ia|^ riilnio |4ii 

lii^ltpr fnr Imi n 4i«^rf mliiFa ft 4 i tint in ^na}i ;i 1 1 r ii*. 
Illin^l liiii fnr llliy jirrfa^j4il4«^ s4ianyi» n4ii|*tpn!nni tf llp^ntl 
iiiiitiirp w rn|*i4Iy rr»*il#'4 |i* nnlimif t* in|a‘r*i!iiip ^ «p 4 mjn n il'i 

tiiiifiiiii liiM lirpii FiPiiiili! |p ill*' iii4iinify n/om |of;i|*«nii' 

flii’i*, flip ** jrfiifilyann** i| till* r*iiO|k*ii n iiini nr nay 

dflpriiiiiii* till? »iii|4n pi>fia|iOi«n'itp«<i hy Pi 4 ifrirj 

llliilytifliJ Iill4lin4^ Illll lljn 1 f tip* |« 4!ti 41 Fy »4ml 

iiig iiiiiiifil alifirti 0* niirri<’'4 nn! In ina! t|i«*in ai** 

in|iiili 1 iriil^ Hiirii m 4 tiiiif nf liilrn|n’|i Irtfn>i4p mlp-fr iFr ipjjili^- 
IllilUlt Ilf lliis fn|tlllilffiiliii liiltn |4»n< 144 flu# 

i4iiliiitiiiinni raiiin$!riii4 n^nmiu In iFr .r .ani j 4 aon 

Illll iimiijti4iiiviii m 14 vifry iiij44 hip in iill rap if liin irinj^^r^n- 
tiirn h fi^ry nkfulpil, iin4 im am tiiialilp la *ioi| iFp imtiiirr 
rajii41y uaciiigli fa# iittifpiil n rriFiiti aiiiniinf i Iiriiiir/ii ilnuifr 
fit!ring tJig refrifiirmtifitt, 

W« will ttiwififtf lliii »«iiiir f»f wd$$dtt mm^rntmi itturc 

filftifilj, fitkiiig llici liyiiritMlie iicitl git#i!f|iiililifiiitti «.i mi 
Aarntnling l#i Ifit fniiiltffii*filal |#rliiei|ilt*f «r $i$Mm acHiiti, lii« 
ftlficitj (d »clii#ii ii iii$t«ritiiii«l liy ilit* iiiimmm Imiwmti ilm 
c|imiititii*« f#c«e<i ritt4 ilrrt#ifi}#ti'#t*<i m unit tliiitn W« iimf 
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measure the formation of hydriodic acid from iodine and hydrogen 
according to the formula— 

I 2 + 

by determining the decrease in the concentration of the iodine, 
C 12 , in unit time. For this we get— 

_7,'r< n 


where Ch?, signifies the concentration of the hydrogen and H 
what the change in the concentration of the iodine in the unit 
of time would be if we lead in hydrogen in such q[uantity that 
the product Cig X C^h remained equal to unity. Id is called the 
velocity constant of the formation of hydriodic acid. The 
opposed reaction— 

2IH^l2 + H2 


can similarly be represented by- 


+ = A"Oi„s^ 


where is the velocity constant for the decomposition of 
hydriodic acid. The two reactions run contrary to one another 
and bring about the change— 


dt 


, , Ch, - FC' 


IH 


When equilibrium is reached, the change— 



dCi, 

dt 

= 0 

and— 




h'Gi,. Ch, 

= Jc'-Chn 

or— 




■k' 

Cha 


F 

1 ^X 2 • ^H.2 


We have previously called the expression — 
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dotted line. They are too great, for our rate of cooling is too 
slow to freeze our gas, as it were, in an unchanged condition. 
If w^e lower the temperature to a point below a, we shall no 
longer attain an equilibrium, because now the rate of adjust¬ 
ment is too slow. We should then get any value in the dotted 
area depending on the composition of our initial mixture. 

Views differ concerning the conditions in this dotted area. 
It is assumed that the longer we wait, the more nearly do the 



equilibrium numbers we obtain approximate to the values 
represented by the heavily shaded curve. 

However, observations have been incidentally made (see False 
Jouniaux’s investigation, p. 13, footnote), according to which 
it is sometimes possible to reach a certain point not far from passive 
equilibrium quite quickly, and yet not be able to get any 
farther, even after prolonged waiting. This is often explained, 
especially in the writing of French investigators, on the basis 
of a theory propounded by Duhem. According to this theory, 
a false equilibrium has been attained in these cases, which 
is not to be considered simply as ^^liase in a slow reaction, 
but as a true lialtinfi-plaoe of the reaction. The real point at 
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issue is readily seen if we compare our case with the motion of 
heavy masses on an inclined plane of continually decreasing 
pitch. The usual view would consider the reaction course in 
the dotted area to be comparable to the flowing of a viscous 
liquid down this inclined plane. The rate of flow decreases 
the more the pitch of the plane decreases, but flow would not 
cease till the liquid had reached the lowest point. Duhem, on 
the other hand, would compare the reaction with the sliding 
down of solid bodies; which, of course, only continues so long as 
the angle of slope exceeds a certain limiting value. In both 
cases we can assume that rise of temperature corresponds to an 
increase in the angle of pitch. Then at high temperature a 
real equilibrium could always be reached. 

While the existence of false equilibria in this sense may be 
questionable, we may consider their existence as beyond 
question in another. For while it is by no means generally 
admitted that a reaction which has once started can of itself 
come to a real stop before equilibrium is reached, there is no 
doubt, on the other hand, that reactions often do not hegin when 
we would expect, from the chemical forces at work, that they 
really should. Phosphorus does not change at all in pure 
oxygen at atmospheric pressure, although it reacts easily with 
dilute oxygen. Similarly, a mixture of hydrogen and chlorine 
in equivalent proportions remains unchanged at ordinary 
temperatures in the dark. If we call the state in which these 
bodies exist a false equilibrium, then there are very many cases 
which could be grouped under this head. These observations 
concern the leginning rather than the continuation of a reaction, 
and may well be considered, provisionally ^t least, as belonging 
to a special class. Pollowing an idea of Ostwald, we may 
compare these cases with that of water contained in a deep 
vessel freely suspended above the earth. The water does not 
run out, because it must first climb up over the rim of the 
vessel. This rim represents a '^passive resistance.’’ In the 
same way, we may suspect that there is a passive resistance ” 
in the chemical illustration cited, which van’t Hoff suggested is 
due to the change in the orientation of the molecules which 
must precede the reaction.^ 

1 ^Worlesungen ilber theoretische Chemie,” 2nd edit., 1901, vol. i. pp. 
208, 209, and 223. 
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Tli«^ l«i(**iitif>fi Ilf tint (1 find h in Fig, 10 n.vicleiitly Hotum 

ilrpeiids iifii only mi lliii nmc^iinn Mtiidkid, Imfc also to a grapW 
nil tlie fif ax|«irinioiit wlticli wci nliociHe. Devilln's raprcv 

iiintiiiifl (ji, I Ilf iillciwing till! gasiii from liis llama to strike 
iiitri a kafifc anol liy wiitar^ piiHlied h tcnvard a liiglier 
tinnjMTfttiirii, lit?c*iiii«i il jieriiiifctecl a mere smldan cooling, 
lkwlaii;4<*ifF.« rilinifrvaljniw with glass liallis filled with hydriodic 
oxleiiiiiiig ci¥i*r iiioiiili« iii 11 time, piishad a to a very 
hm ii*iti}:«,!riitiir€i, limiiimi hy so prolonging tlia duration of an 
«x|M»riiiii!iit Vfiry sriiiill riiiicjtion vtilcKUtioji HufTiac^d to attain 
l♦f}llili!lrilllll, Oii ihiifillior liiiiid, litiating 11 gas in cdoned vobsoIh 
h iiift miitiiiila f«ir following giisomis eqwilihria to very high 
for il is diflieiilt to cool such vessak rapidly 
tuioiigli, Ikiclmtsfidii, tliarofcire, dkl not go above OOH"' in Htudy- 
iiig llii flissfjcdiitiori of liyilriodie ncid. On tlie other hand, by 
liiffitiiig II eiirriiiit of gnu it in not possible to bring to siicli 
fi Ifiw’ lerii|if»riitiip* iw we eiin liy Iiimting th(! gas in a closed 
vc^md, 

Tliisc stateniiiito apply to a reaction which is uniifrected by (jaiiilytifi 
iifilmlylic iiiiiitricai. If wa Iiave 11 solid snhstancfi at our 
liisjaiMiiI which greatly ficc.eleriitf^s the gaseous reaction, not 
only are we alilii to %^ery greiitly lower the limiting temperature 
##, but at till! «iiiie timci we secsure an important a<lvantage as 
rcgiirds mir iiietli«l of cnoliiig. For if wo keep the gas in that 
rf*f 4 ioii of tciiif^fmtiire where the riMiction velocity without 
I hi* is very Hiniilh Inifc with it is very groat, then 

tlifi ef|iiililiriiirn reniiiiiis fixed ai a emniMfit kmpemkire the 
iniiriieiit it loses ccMitiud. with ilie eiitalyst. The behaviour of 
liiixtiires of siilpliiir dioxide ftiicl oxygen, and cd nitrogen and 
fiirtikli iis with exnifiples of this. Bulphur dioxide 
aiifl oiygeii eiiiiilj fdrrii Riilpliiir trioxide iit 45(f in the presence 
cd finely divifici! pliitiiiiini, until ecpiilihrium is imohed. Yet 
away froiii lln* plfiliiiiitti this inixtiirii of sulphur dioxide, 

Irifiiiflii iiii*l iixygfUi rliaiigiis very slowly at this temperature, 
Aifiiiioiiit in Miiiiihirly forined from ilie elements at 1000"* in 
coiititii wit it fiiicly divided iron, until equilibrium is reached. 

Vet fjiifi giiseoiw itiixftirii aliisra very slowly at the same 
tmiiperatiire if tin* eatftlvif m iihsenL 

ifore iieciiriibdy sliited, imtif iiolid sithstiiiice exertis soriu! 
aceidtmiliiig iiclioii on giwerjiis reiietioiis, Iteaeibni always go, 
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dissolved, to a certain extent at least, in the platinum. The 
same thing applies to any other solid, as glass or porcelain, and 
to any other gases which we may choose to consider in place 
of sulphur dioxide, trioxide, and oxygen. Now, we may cer¬ 
tainly assume that ecLuilibrium exists between a dissolved gas 
and the same free gas outside. But if both the gas outside in 
the gaseous phase and the gas inside dissolved in the solid phase 
be slowly reacting, then a chemical equilibrium will not exist 
either on the gaseous or the solid side of the boundary layer. 

Each' constituent, however, of the system on one side of the 
boundary will be in equilibrium with the same constituent of 
the system on the other side. 

The theoretical difficulty of conceiving that finite forces Experi- 
acting at infinitely small distances equalize themselves at the knowledge 
boundary surface, disappears as soon as we assume a partition of yeio- 
equilibrium to exist between the substances on either side 
this boundary surface. The idea of a slow reaction is by no geneous 
means incompatible with this assumption. Now, to be sure, 
we have no experimental evidence whatever of such traces of 
solution. But this makes no difference with the theoretical 
discussion; for the sole value of this discussion is simply to 
demonstrate the impossibility of reaching any a prio7^i con¬ 
clusions regarding the velocity with which equilibrium is 
attained in the boundary zone of heterogeneous systems. 

Since theoretical reasons for assuming an equilibrium at the 
boundary of a phase are lacking, let us see if experiment fur¬ 
nishes us with any information on the subject. Now, Brunner^ 
has shown in several cases that the rate of reaction in the 
boundary layer solid to liquid actually does depend only on the 
rate of diffusion. Nernst has been able to show the quanti¬ 
tative relation of diffusion velocity and amount transformed by 
a very happy treatment of the matter, and Brunner {loc. cit.) 
has experimentally confirmed his conclusions. Yet when we 
examine more carefully the cases which Brunner studied, we 
see that so far as chemical reasons and not diffusion velocities 
are concerned, we could never expect that the reaction would 
take place with measurable slowness. For, in every case, they 
merely involved the addition of a charge to substances going 
over into the ionic condition, and the loss of a charge by ions 
1 Zeitschr^f.physik. Chemie, 47 (1904), 56. 
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the iiir m forcjcti tiwr ii iit high sj^ecjcL Yet iifc e<|uilil)riuiii 
earhoii moiicixhiti ought to hi*, ihe chicif coastituiuit a,t all tmii- 
|rt:*nitiirt!H iihovu HHlf\ Altuvis IfHKr earhcui lucmoxiclo aiiglii to 
he ilia wii// cixiili* jiruKijiitl The iiiipurtant 

whic’li tiiij velcieity cif tlii! air supply 1ms on the protluck of 
ooiiihiisliiiii ioriiis tlio hasis of tlio Dollwiok-Fkisohor * proems 
for tint iiiiiiiiifiirtiire of waior-giia We may ovidently inakci 
two siHMtiitiplJtiiiH regunliiig tlio phtmoiimiioiL Wo may imagine 
that the gitu mixture foriiioii on the surface of the coal contains 
origiiiiilly cnrlinii isioiicixiile in an amount corresponcling to 
Offiiilihriiiiii, liiit ihiit wlioii the gas mixture has once got out of 
Oiiiitact with ooiil it reads with the fresh supply of atmospheric 
tixygeii to ffiriii the slightly ilissociiited carbon (lioxhloj according 
to tlie 

C.hj + 200 = 200u 

yil tliii would tie the first case on record whore oxygc3u rmicts 
by II priiniiry »pliiting up into the two atoms constituting its 
iiMiIeeiile. According to nil our exjmriencc with autoxidatioig the 
fir«t prtalnet formed wlieii a substance burns contains tlm wliolc 

III the cf4»e Hi liatid the priiimry reaction would tlien ho 
1' + f tj Hi hj 

mid we slionlcl cmiwidcr the acljiistmeiit cif the ecjuilibrium to be 
lirotiglit iilwiiii by the secondary rimctioii ^ 

11ii» iifijtwtiiiijiii wcmld or would not take place, dopomiing on 
wliiiilier or not the ciirticiii clicixidci Iiad time to react. As yet 
%%%$ know iicithifig aliiiiit tliii reaction wlocitici which determino 
tliia Httll, iltero m iicithing known whicli conflicte with the 
viiiif Ifiiit iii II riipM ciirreiit air the primarily formed earlioii 
iltfiiiilti flcMis licit liave time to enter into a secondary reaction 

^ iifi! Ill iliifi mmmmihn Jmrmdf, (Jadrnkmhtimg und Wmmrummjumf^ 
41 (imm% Mfi flliiiit*!); Ako 42 (imm), f/):i (faingfl); 43 

immj, :m, :m, mB, im, mo, mi, UBI (Htmdm tmi Jakmkl); 44 (JHOl), 
3113 {iliililil; 4? (l!lo4|, 264 (i1iid<Ii and fCiittwiir), ami 10711 (K 0 |)|Hikr), etc. 

Him ZrdiAif, /, MiriirmAimm, 7 (11101), 441, 446. In piirticiiliir, 
aim Mfgkr Wmuhrg Jiuimgduiim BrmmKhimdg, lll04. 
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with the coal and produce the carbon monoxide which, were 
there time enough for the establishment of eq^uilibriiim, would 
become the chief constituent of the gas mixture. 

Eeyertiiig to our discussion of the catalysis of gas reactions 
by solids, we now see that, if the activity of catalysts depend 
solely on their relative rates of diffusion, the extent of their 
boundary surfaces ought to be the sole determinating factor. 
Observation fails to corroborate tins. The catalytic effect of 
platinum on mixtures of sulphur dioxide and oxygen surpasses 
that of finely divided porcelain to a degree which is q^uite 
inexplicable on any possible assumption regarding the relative 
extent of the surfaces exposed. Such cases are numerous. It 
may be remarked that a rise of temperature does not favour 
diffusion and catalysis to the same degree. Thus, with the 
same catalyst chemical influences may be the determinating 
factors at low temperatures and diffusion at high ones. (See 
Appendix, No. 1.) 

It should be remarked that the temperature coefficient of 
diffusion has been compared with the temperature coefficients 
of heterogeneous chemical reactions, in order to decide whether 
the velocity of diffusion differs from the velocity of the chemical 
reaction. Rising temperature accelerates diffusion but slightly, 
while it greatly accelerates chemical reactions. 

In the course of a discussion regarding this point between 
Bodenstein and Stock, the (question came up as to what, in this 
sense, a slight or great acceleration was. Bodenstein considered 
that the accelerating effect of temperature was great when at 
high temperatures a rise of 10"^ increased the velocity constant 
by 20 per cent. Stock disagreed with him.^ Bodenstein was 
certainly right, for as far as our information, goes, the co¬ 
efficient of gaseous diffusion increases no more than proportionally 
to the sguare of the absolute temperature,^ that is, for a Iff* rise 
of temperature it would increase by 6 to 7 per cent, at ordinary 
temperature, and by 2^ per cent, at 500°. The increase of the 
velocity constant, both of gas reactions and of gas diffusions, 

1 Zeitschr. f, j^hysih 50, 112(1904). Compare Berl, Zeitschr.f, 

Anorg. Ghemie, 44 (1905), 267, whose results, in my opinion, favour the 
reaction velocity rather than the diffusion velocity explanation. 

2 0. E. Meyer, “ Kinetische Theorie der Case,” 2nd edit. (Breslau, 1899), 
§ 101 . 
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becomes smaller as the temperature rises, but both preserve 
approximately the ratio of 10 to 1. 

Eeturning to our graphical representation of the matter in 
Fig. 10, we see there is still one other way imaginable of deter¬ 
mining an eq[uilibrium at low temperatures, to the left of a, 
without actually reaching it; that is, as Kernst has pointed out, 
the reaction mlooities may be studied/ (See Appendix, No. II.) 

Kernst made observations on the formation of nitric oxide Nernst’s 
from air at 1538°. He used a platinum tube of 13*5 cm. 
length, of 0*85 cm. bore, and with walls 0*17 mm. thick, with mination 
which to heat his current of gas. This tube was kept hot by 
means of an alternating current of low voltage. A thermo¬ 
element was inserted in the platinum tube, and a magnesium 
tube, which served to lead the gas out of the zone where the 
platinum was brightly glowing into a cold tube. When simply 
air was forced through, Nemst got the following results :— 


Quantity of air. 

Time 

(minutos). 

c.c. NO. 

c.c. NO per 
minute. 

1*3 

31-5 

c. 0-2 

c. 0-006 

1-0 

70-0 

0-4 

0006 

1 -G 

145-0 

0-96 

1 i 

1 

0-0066 


So we see that in the least rapid stream there was 0*96 c.c. Eateof 
NO in 1*6 litre, or 0*6 c.c. per litre. When the velocity was 
greater the yield of nitric oxide per litre of air was smaller, and oxide, 
yet the rate of formation was practically the same in every 
case. 

Nernst similarly conducted a mixture containing 3 per cent. Rate of 
NO and 97 per cent, air through the same tube at the sdmep®g?^““^ 
temperature. When t represents the number of minutes of nitric 
required for a litre of this mixture to pass through, he found 
the following quantity, x, of nitric oxide in the escaping gas 
(c.c. per litre):— 

t X 

0 30*0 

44 19-9 

198 8*2 

1 Gottinger Nachrichten (1904), p. 269. 

S 
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that is, in the slowest current 8*2 c.c. NO remained undecom¬ 
posed. Evidently eq^uilibriuni was neither reached during the 
formation nor the decomposition. It must have lain between 
the limits of 0*6 c.c., and 8*2 c.c. per litre. The exact place 
where it did lie may be found by a further consideration of the 
numbers given. 

What we said above relative to hydriodic acid applies also 
to the reaction— 

2N0^N2 + 02 

namely— 

-^ = ^'CW-FCk,.Co, 

All concentrations may be expressed in cubic centimetres 
per litre of gas, for it does not matter what unit we adopt. 
Suppose that in one case we allow a few cubic centimetres of 
NO to form in a litre of pure air. In another case suppose we 
allow a little NO, in a mixture containing 3 per cent. NO 
and 97 per cent, air, to decompose. Evidently the relative 
amounts of oxygen and nitrogen change but very slightly 
in each case. The product CN 2 O 02 then remains nearly 
constant. Conseq[uently, we are not surprised that the rate of 
formation of NO, represented by the product was 

found to approximate closely to 0*0066 c.c. per minute, what¬ 
ever the velocity of the current of gas happened to be. If we 
further substitute x for the concentration of the nitric oxide 
(measured in c.c. per litre) we obtain at the temperature used 
in this experiment— 

= 0-0066.(a) 

dx 

At equilibrium x will have the particular value Xq, and ^ 
will vanish; hence— 

kW = 0 0066 . {b) 

Now we are able to calculate the constant k' from the 
observations of the rate of decomposition by integrating the 
kinetic equation {a) just given. Nernst found in this way 
that— 


2xjc' = 0 0036 
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combining this with we get— 

= 3-7 

That is, when eq[iiilibrium is reached at 1538°, there would be 
3-7 c.c. 170 per litre of air. (See Appendix, 17o. III.) 

Let us now return to a discussion of those cases where it is 
possible to reach an equilibrium by some known experimental 
arrangement. 

It is evident that we must have some method of telling Proof that 
when, or better whether, the equilibrium has been reached, ^^nirn'lias 
By far the best method for doing this is to approach the really 
equilibrium from both sides. If we obtain the same com- t^bUshed 
position in each case, we may be sure that equilibrium has really 
been attained. To apply the method, we start in one case with 
the substances on the left-hand side of the reaction equation, 
and in the other with the substances on the right-hand side. 

We ought to get the same value in each case for the equili¬ 
brium constant calculated from the composition of the escaping 
gases. We must not, however, expect that equilibrium is 
necessarily reached with equal rapidity from both sides. The 
equilibrium constant represents simply the ratio of the velocity 
constant of direct and counter reactions. If it does not 
approximate to unit value, then the velocities of the direct 
and counter reactions will be quite different. 

It is possible, under certain circumstances, to attain equili- Equili¬ 
brium from each side simultaneously and in the same experi- 
ment. A method used by van Oordt and myself^ in studying from, both 
the ammonia equilibrium may serve as an illustration. The®^^®^^ 
arrangement of the apparatus is shown in Kg. 11. We see at th© samo 
the extreme right a flask containing the compound of ammonia 
and ammonium nitrate easily decomposed by heat. The flask 
rests upon a ring bent in one end of a straight copper wire, 
whose other end is kept hot by an adjoining burner. A 
constant supply of heat is thus maintained, and in consequence 
a regular stream of ammonia is developed. This stream of 
ammonia is dried by passing over lime. It then passes 
through a bubble counter, A, containing a movable drop of 
mercury, and into the porcelain tube labelled ema, which lies 
in the electrically heated furnace. There are several wads of 
1 ZtiUchr.f, amrg. Ghemie, 44 (1905), p. 341. 
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asbestos in the middle of this tube. 
These had been digested in hydrochloric 
acid till they no longer gave a test for 
iron, then ignited in a stream of hydrogen, 
given another thorough treatment with 
hydrochloric acid, and then finally, after 
washing with water and drying, impreg¬ 
nated with some ferrous oxalate and 
placed in the tube. At the beginning 
of the experiment the ferrous oxalate 
was first reduced to metallic iron by 
heating it in a current of hydrogen or 
of ammonia. The gas passed the iron 
asbestos and entered the Vollhard absorp¬ 
tion flask B, containing sulphuric acid, 
and seen at the extreme left of the 
figure, without ever coming into contact 
with rubber or cork. A glass sleeve 
made tight with red lead served to 
attach this flask to the outlet of the 
porcelain tube. Near this junction was 
a movable mercury seal such as is used 
in ozone experiments. Below it and the 
absorption flask came a bubble-counter C, 
a mercury manometer D, and two stop¬ 
cocks. The purpose of these stopcocks 
as well as the other details of manipula¬ 
tion need not be given here. On leaving 
the Vollhard flask the gases passed 
through a tliree-way cock E, a tube F 
filled with quicklime and provided with 
a mercury seal, and entered the second 
porcelain tube, which was identical in 
every way with the first. From here they 
again escaped, without ever coming in con¬ 
tact with rubber, into a second Vollhard 
absorption flask Gr, to which a gasometer 
or an experimental gas-meter was attached, 
in order to measure the quantity of gas 
passed through the apparatus. 
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la cases where aa equilibrium cannot be reached from both Indirect 
sides, there are several other ways of deciding whether or not th^t 
the final condition really represents an equilibrium. In the equili- 
first place, the duration of the reaction may be increased in attT^ed 
order to see whether any further change is thereby hronglit 
about. Again, one can investigate whether the equilibrium 
constant obtained is quite independent of the initial composi¬ 
tion of the reacting mixture. If these conditions are varied 
over wide limits and yet no change is produced in the equili¬ 
brium constant, it is reasonable to consider that equilibrium 
has really been attained. Again, if we hnow the heat of the 
reaction, wc may then compute the change of the equilihriiim 
constant for a certain moderate change of temperature, using 
the formula of van’t Hoff. If we actually obtain the previously 
calculated value at the higher temperature, it is strong evidence 
that the equilibrium constant was correctly determined. Besides, 

a he 




Fia. 12 . 

if WG know the specific heats of the substances involved, then 
a single correct equilibrium determination permits us to find 
the free energy for all temperatures and all compositions. We 
may therefore, in such cases, use observations at widely different 
temperatures to check our results. 

It is often more difficult to further test whether or not the Tests 
oquilihrium has been displaced i%m%g the cooling. If our oven 
has a tubular shape, we may, with Nernst {loc. cit.), use the Warn has 
above diagram in our discussion (Fig. 12). The gases flow 
through the tube in the direction of the arrow. We assume period of 
that the temperature f prevails throughout the length ai, and 
that the gases reach equilihrium in this region. To promote 
this as much as possible, the cross-section of the tube should be 
large, thus diminishing the velocity of the gas. Wherever 
possible we should put catalytic agents in this part of the 
tube, Ve will further assume that at c there prevails such a 
temperatHre as would wholly ‘^paralyze’' the reaction. Our 
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object then would be to so regulate the flow of the gas and so 
adjust the length Ic, that the gas would pass from & to c without 
in the least changing its composition and yet be cooled from 
Our first thought is to decrease the cross-section of the 
tube at this point to capillary dinaensions, and so hasten the 
passage of the gas through the dangerous region. Using such 
an arrangement, one finds in general that the composition of 
the gases escaping at c at first depends on the rate of flow; but 
when this is increased beyond a certain point, the composition 
remains constant. The natural and agreeable conclusion from 
this is, that at low velocities the composition changes in passing 
from & to c, but that when the velocity is sufflciently increased" 
this displacement no longer occurs, and the escaping gases 
correspond to the equilibrium condition, provided the equili¬ 
brium condition has been reached between a an4 Yet this 
conclusion may well be a wrong one, because we know that at 
high velocities this last provision is not fulfilled. Most of the 
uncertainty may be removed by trying to reach the equilibrium 
from the other side. In each case the limiting velocity is found 
above which the composition is independent of the velocity, and 
the equilibrium constants which are then determined ought 
to be equal. But another source of uncertainty still remains. 
As ISTernst emphasizes, an increase in the velocity does not 
necessarily mean an increase in the rate of cooling. The more 
rapid current carries more heat along with it, and so prolongs 
the stretch in which the temperature is falling from t Such 
an experiment would only yield conclusive results when the 
appardtus is changed^ as, for instance, by the addition of a 
cooling-jacket, so that the length of the tube in wMch the 
temperature is falling remains constant in spite of the increasing 
velocity. 

This uncertainty is eliminated if we are able to use such a 
low temperature in the region ah that we may assume that 
the reaction practically ceases when tBte gas escapes from it 
and loses contact with the catalyst. But with gases at high 
temperatures we must always take the above fact into con¬ 
sideration, for all substances at sufficient high temperature act 
catalytically on gas reactions. 

We may be most certain of our results when, as Bodenstein 
did in the case of hydriodic acid, we measure not-only the 
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equilibrium constant, but also the velocity constants of the direct 
and counter reactions. Por if in the equilibrium determination 
the point we find lies out beyond b (Fig. 10) on the dotted line, 
it will be disclosed very clearly by an abnormal variation of the 
velocity constant. 

We will finally mention an instructive idea of ITernst’s,^ Nemst’s 
which will show the significance of the rate of cooling in a 
somewhat different light. We will first assume, for the sake of placement 
illustration, that a mixture of nitric oxide, nitrogen and oxygen 
in equilibrium at 4200"^ is escaping from a flame. The flame brium 
represents a plane surface, and the gas mixture is moving in 
‘ a direction normal to this surface, and so suffers a very mature 
rapid cooling along a very short distance. Let us assume, 
that the cooling amounts to 1000° per millimetre, and that the 
equilibrium corresponding to each temperature in every thin 
lamella along the path is instantaneously adjusted. Then the 
composition of the mixture will be decidedly different, even at 
a distance of a single millimetre from the flame. The partial 
pressure of the NO will have sunk to about half its original value, 
while the partial pressure of the oxygen and nitrogen will have 
increased very slightly to counterbalance this. Diffusion will 
therefore tend to force NO out of the flame into the cooler 
region, while oxygen and nitrogen, on the other hand, will tend 
to diffuse back into the flame. The equilibrium in the various 
layers will, nevertheless, remain undisturbed, so long as the 
chemical reaction takes place rapidly enough to replace or 
remove these diffused gases, which would otherwise disturb the 
equilibrium. But as soon as the reaction becomes so slow^ 


1 “ Boltzmann-Festschrift ” (Leipzig, 1903), p. 905. 

^ The mathematical theory given by ^N'ernst {loc, ciL) for the conditions in Mathc- 
each separate layer may be stated as follows: Consider a layer of unit matical 
volume (1 litre), in which the mass of the nitric oxide (measured in mols, 
i,e. Cno) experiences a certain increase in the time dty which may be repre- ditfu- 


, dt 


sented by— sion con¬ 

stant and 
the velo¬ 
city con- 

Since unit mass (in mols) exerts the pressure KT in unit volume (1 litre) 

(R = 0*0821 litre atmospheres), then the increment of the pressure in the according 
layer is— toNemst. 

ET X X 

at 




264 


THERMOD YNAMICS 


that it can no longer do this, diffusion forces more and more 
nitric oxide out of the flame, and more and more oxygen and 

Similarly the mass increases in a layer of thickness dx and area by the 
amount— 

, dc^Q) f 
q X dx~—r— X dt 
dt 

and the partial pressure of the nitric oxide by— 

-K^lqdx Xdt 

Since this increase is due to diffusion, those principles apply which were 
first enunciated by Fourier (Mach,Prinzipien der Warmelehre ” (Leipzig, 
1900), p. 83 ff.) for the conduction of heat, and later used by Pick {Fogy, 
Afm.j 94 (1855), 59) in the study of diffusion. According to these principles 
the increase of the partial pressure pjuo is— 

Dsdeo X X dt 

when D is the diffusion constant. We may best get a conception of the 
significance of this diffusion constant if we imagine two immense closed 
spaces at the same temperature throughout. There is nitric oxide in one of 
the spaces, and a mixture of nitrogen and oxygen in the other, both at 
atmospheric pressure. In the first there is no oxygen or nitrogen, in the 
second no nitric oxide. We join the two spaces by a tube 1 cm. long) and 
of 1 sq. cm. cross-section. The amount of nitric oxide diffusing through in 
one second represents the diffusion constant. 

If, then, the chemical reaction destroys exactly as much nitric' oxide as 
diffusion brings to that particular layer, then the condition is a stationary 
one. Now, in accordance with well-known principles, the rate of decompo¬ 
sition of nitric oxide at any given temperature is represented by— 

The decrease of its partial pressure— 

-BTsdx^dt 

may then, in so far as it is due to decomposition of NO into the elements, 
be represented by— 

X dt (h c^no *” ^ ^ ^02) 

This expression must be equal in the stationary condition to the increase 
of the partial pressure due to the diffusion 

It therefore follows that— 

D^=ET(*'o%-rc»,xco,) 

It is easier to evaluate the right-hand members of the equation than the 
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nitrogen into it. Consequently, the composition of the gas 
mixture in the cool zone approximates nearer and nearer to 
that in the hottest zone the less the velocity of the reaction 
becomes and the shorter the length through which diffusion 
can act. The diffusion velocity of gases increases rapidly with 
the temperature. It should, according to the kinetic theory of 
gases, increase with the 1*5 power of the absolute temperature. 

Actual experiment at relatively low temperatures indicates that 
it actually increases with the 1*7 to 2*0 power of the absolute 
temperature. This explains why, in cooling a gas from a very 
high temperature, the effect of diffusion outweighs that of 
reaction velocity, and makes the composition of the mixture 
in the cooling zone approximate to that of the equilibrium 
mixture in the flame itself. 

We shall now examine a little more closely, in the light The 
of these observations, the equilibrium attained in the formation 
of nitric oxide from its elements, as studied by Nernst. This oxide in 
equilibrium is of especial interest, because the temperature at 
which oxygen and nitrogen react is very high. Nernst made oxy-hy- 
use of some explosion experiments of Bunsen ^ to determine mSiues 
the position of equilibrium at this high temperature. coijtaining 

Bunsen exploded equivalent mixtures of oxygen and hydrogen 
to which air had been added, and found the values given in the 
following tables:— 



^'olume of oxy- ' 
hydrogen mixture 
per 100 vols. air. 

1 ... 

Residual air 
(per cent.). 

^ Per cent. NO. | 

' 1 

Temperature, 
degrees 0. 

1 

! 64-31 

99-90 

1 0-07 

2-200 

2 

1 78-76 

99-43 

1 0-38 j 

2500 

3 

i 97-84 

96-92 

; 2-05 1 

2700 

4 

226-04 

88-56 

1 7-03 

.3200 


left, because the diffusion constant depends, in the first place, on the tem¬ 
perature of the gas mixture, and, in the second, on the composition of the gas 
mixture. Similarly the increase in rate of the partial pressure change— 

d% o 

dx^ 

depends on these same variables, though in a different way. 

1 Gasometrische Methoden” (2nd edit.), p. 73. Braunschweig, 1877. 
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From tMs Kernst calculated the percentage of nitric oxide pro¬ 
duced in the explosion. The fact that the nitric oxide formed 
reacted with the oxygen to form nitrogen peroxide was taken 
into consideration in the calculation. When this has been 
absorbed we get the “ residual air ” given by Bunsen in the 
table. The formation of nitrogen peroxide uses up half a volume 
02 for every volume jNTO, so that two-thirds of the deficit between 
the 100 c.c. of air taken and the residual air'' equals the 
volume of the entire nitric oxide produced. The temperatures 
appended to the table represent the maximum temperatures 
attained in the explosion. It was, of course, impossible to 
measure them directly. They may be calculated, however, from 
the specific heats of air, nitric oxide, and the oxy-hydrogen 
mixture, and from the heat of formation of water-vapour and of 
nitric oxide. ISTernst used Langen’s values for these quantities. 
Since the specific heats of hydrogen, oxygen, nitrogen, and 
nitric oxide are nearly identical, and have in addition the same 
temperature coefficients characteristic of all diatomic, per¬ 
manent gases, this calculation is not so uncertain. It 
naturally makes some difference in this case what the heat 
loss due to radiation was, and what allowance was made for it, 
but Nernst ^ says nothing about it. 

Oonclu- Without knowing more about the equilibrium we could 
tbTexp^^ draw no conclusions from the numbers given in the table. But 
Sion ex- ITernst’s observations in his hot tube at lower temperatures 
penments. clearly that the value 0*07 for 2200“^ is smaller than 
corresponds to the equilibrium. (See the record of later 
experiments in Appendix, Ho. V.) Even at 2500° the equili¬ 
brium is certainly not reached. It therefore appears that the 
exceedingly short interval of time in which the explosion 
of the oxy-hydrogen mixture heats the air to something like 
2200° does not suffice for the establishment of equilibrium. We 
could determine the length of this interval of time if we knew 
the velocity of propagation of the explosion, and the rate at 
which the gas cooled. But neither of these values can be 
obtained directly from Bunsen’s experiments. The rate of 

1 In regard to the radiation from flames, see R. v. Helmholtz^ Uber die 
Licht- und Warmestrahlung verbrennender Gase ” (prize essay presented to 
the Yereins zur Befdrdemng des Gewerbefleisses in Preussen, Berlin, 1890). 
See also, Nernst, Fhysihalische Zeitschr., 5 (1904), p. 777. 
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cooling depended on the width of the eudiometer tube. It was 
much greater in narrow than in wide vessels. The velocity of 
propagation in the eudiometer which he used was not constant, 
hut increased as the flame advanced. We may perhaps assume 
that in Bunsen’s experiment the maximum temperature was 
maintained for about the one-thousandth part of a second. In 
any case, we may conclude that, using the explosion method, the 
point a (Fig. 10) in this case must lie at least as high as 2500° 

On the other hand, experiments three and four lie in the region 
ahj where equilibrium is attained; for the value of equilibrium 
constant determined by Hernst at lower temperatures extra¬ 
polated to their temperatures shows a satisfactory agreement 
with them (p. 106). 

We may here appropriately discuss the preparation of nitric The 
oxide from the air on a technical scale. (See Appendix, Hos. IV., 

V., and VI.) This process, which we may call the “ burning of tion of 
air,” is of the very greatest technical importance, because from 
nitric oxide, air, and water we can make nitric acid, and 
from this the nitrates which are of such fundamental import¬ 
ance in agriculture and the manufacture of explosives. It 
is estimated that the saltpetre beds of Chili will be exhausted 
by 1940.^ No other natural deposits of importance are known. 
Attempts to fix the atmospheric nitrogen by heating calcium 
carbide and to then obtain a fertilizer which could take the 
place of saltpetre have been successful so far as the process 
itself is concerned, but is doubtful how far this fertilizer can 
be substituted for saltpetre, and its transformation, first into 
ammonia salt and further into nitrates, does not stand perhaps 
on so favourable an economic basis as does the burning of the 
air. It is possible to get nitric acid by the oxidation of 
ammonia with oxygen, and ammonia may be obtained in great 
quantities from the distillation (Mond) of coal. But it seems 
that this change is always connected with an appreciable loss of 
ammonia transformed into nitrogen, so that here too the economic 
basis is less favourable than in the burning of air, where all that 
is needed to produce nitric acid is air, water, and power. 

Let us now examine from this theoretical standpoint the The 
actual attempts which have been made to effect this combustion 

^ Sigfrid Edstrdm, Tranmctions of the American Electrochemical Society, 
vol. vi. p. Id (1904). 
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4*71 kilowatt hours for 630 grms. IINO3. The yield then, per 
kilowatt hour, would be 134 grms. HNOg. In practice it is usual 
to take the kilowatt year as a unit, it equalling 365 X 24 = 8760 
kilowatt hours. It follows that the possible yield from one 
kilowatt year would be about 1174 kgs. of nitric acid. 

Let us, in the second place, assume that it would be possible The case 
to have the arc burn at a temperature 1000° lower. The nitric 
oxide concentration at equilibrium would then be but half as 
great as before. The energy needed to heat 100 mols of the gas 
would be— 

w = 100(6-8 + 0-0006 X 3200)3200 = 2,790,400 cal. 

The formation of 5 mols NO would require 108,000 cal. 

The total consumption of energy would then be 2,898,400 cal. In 
electrical units this would be 3*37 kilowatt hours. But our yield 
of nitric acid would only be 315 grms. The theoretical yield in 
this case has therefore sunk to 93 5 grms. per kilowatt hour, or 
819 kgs. nitric acid per kilowatt year. Lowering the temperature Advan- 
thus diminishes the possible yield. It also involves increased 
difficulty in the subsequent treatment of the gas, for while it is tempera- 
relatively easy to transform concentrated nitric oxides quite 
completely into nitric acid by the use of air and water, it is 
difficult to effect the same conversion with dilute vapours. 

On the other hand, the use of low temperatures offers two Advan- 
advantages. The explosion experiments of Bunsen show that 
no matter how short the period of reaction is made, there would perature. 
still be time enough for the adjustment of the equilibrium. It 
would be practically impossible to force air through an arc at a 
rate which would exceed that of the explosion of an oxy-hydrogen 
mixture. But experiment has repeatedly shown that the equili¬ 
brium attained at 3200° is permanently paralyzed the instant it 
enters the cooling zone, while at 4200° the readjustment of the 
gaseous system is so rapid a one that a part, at least, of the 
nitric oxide formed certainly reverts to nitrogen and oxygen, 
unless some special device be used to increase the rate of cool¬ 
ing. One advantage of a low temperature, then, is that it better 
avoids the reconversion of the nitric oxide. 

Another advantage lies in the fact that the loss of heat 
energy by radiation is less at the lower temperature. The 
radiation of heat by gases increases with the temperature much 
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again. The form of vessel they finally chose is illustrated 
in Figs. 13 and 14. The air enters the vessel at D at the rate of 
20 liters per hour. A and A' are the electrodes, and E a glass- 
covered observation-hole in the earthenware vessel. McDougall 
and Howies obtained 34 grms. of nitric acid per kilowatt-hour 
under the most favourable conditions, using air. Using Lord 
Eayleigh’s mixture of oxygen and air they obtained 67 grms. 
McDougall and Howies instinctively ascribed their double yield 
from a mixture containing 67 per cent. O 2 and 33 per cent. N 2 , 
20*9 per cent. O 2 and 791 N 2 (air) instead of to mass action. 
Since the rate at which the nitric oxide is formed is dependent 
on the prodiict— 

X C 02 



Fig. IB. Fig. U. 


and since this expression has its maximum value in a mixture 
containing equal parts of both gases, it is certainly clear that a 
mixture containing 33 per cent, nitrogen and 67 per cent, 
oxygen will react quicker than air. But the rate of NO forma¬ 
tion is quite inconsequential, for in all cases there is time enough 
for the attainment of the equilibrium at the temperature of the 
arc. McDougall and Howies have therefore overestimated the 
importance of mass action here, just as others have done in 
the preparation of sulphuric acid (p. 199). 

One might at first lay stress upon the view that the substi- The 
tution of a mixture of one-third nitrogen and two-thirds oxygen 
for air would increase the NO concentration at equilibrium. 
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since the temperature and consequently the equilibrium con¬ 
stant is not changed. The arc which McDougall and Howies 
used was certainly very hot. We shall not be very greatly in 
error if we place its temperature at 4200°. With air this would 
correspond to a NO content of 10 per cent.; with the mixture 
containing more oxygen it would correspond to 12*5 per cent. 
This evidently does not explain a doubling of the yield. The 
only conceivable explanation from this point of view is that 
when oxygen is used the equilibrium is '' frozen/' or fixed, much 
more quickly in the cooling zone than when air alone is used. 
But there is absolutely no reason for believing this would he the 
case. Indeed, with the same rate of cooling, the decomposition 
of the nitric oxide would be decidedly more rapid in the mixture 
where it was the more concentrated, for the rate of its decom¬ 
position is proportional to the sqtiare of its concentration. 

The matter becomes a little more comprehensible when we 
note the statement of McDougall and Howies that in their most 
successful experiments with air (34 grms. yield of HNO 3 per 
kilowatt hour) 51*5 per cent, of the oxygen of the air was used 
up in forming nitric acid. Of the 21 per cent, by volume of 
oxygen which air contains, there were used— 

In forming NO.3*716 xw cent- 

In controverting NO into N 2 O 5 . . 5*574 „ 

The composition of the gas at which the equilibrium stopped as 
the gas cooled, was therefore— 

N 2 O 2 NO 

75*28 per cent. 17*28 per cent. 7*44 per cent. 

A reversion from the assumed 10 per cent. NO content in the 
hottest zone to 7*5 per cent, is easily credible. By using a 
similar arc and forcing the hot gases directly into a tube kept 
cool with running water. Erode ^ was able to obtain almost 
the same amount. Muthmann and Hofer^ with similar arcs 
found a 6*7 per cent, content of NO without using any such 
coohng device. To explain the increased yield of NO in 
McDougall and Howies’ experiments on the basis of mass action 

1 Habilitationsschrift ” at Karlsmlie (1905)1 

2 Berh Ber,, 36 (1903), 438. 
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would necessitate assuming that 15 per cent. NO was not only 
formed but also retained in the gas, neither of which assumptions 
is at all plausible. The improved yield must rather have 
been due to some unintentional change in the arc. The great 
influence of the particular conditions under which the arc bums 
is clearly shown by the experiments of McDougall and Howies 
on this point. 

Indeed, working under the same conditions they obtained Influence 
in the same time almost identical amounts of nitric acid, using 
in one case 174 watts per second and in another 302 watts the arc as 
(current strength 018 to 0*34 amp.). 130 watts was therefore 
wasted in the second case simply in radiation. If we use Bougall 
the fixed arc of McDougall and Howies, we are unable to Howies, 
produce long arcs without a large consumption of electricity. 

We get short and thick arcs, in which the gas lingers too long, 
and needlessly radiates its heat away. We could accomplish 
much more if some arrangement were used in which the arc is 
kindled and expands through a great volume of air, and when it 
goes out is quickly kindled again. In this way we should 
obtain long, thin, thread-like arcs which would heat every 
part of the air through which they pass for an excessively 
short period of time. The amount of useless radiation and 
consequent loss of energy would be reduced. At the same 
time the rate of cooling in this way would be very rapid. 

Bradley and Lovejoy ^ on the one hand, and Birkeland and 
Eyde ^ on the other, have followed out these considerations. (See 
Appendices, Nos. IV., Y., and VI.) 

Bradley and Lovejoy used mechanical, Birkeland and Eyde Teclmical 
magnetic, means to realize the above conditions Bradley and 
Lovejoy constructed an iron cylinder 1*54 metres high and 1*23 and Love- 
metres in diameter. A steel tube was placed in the longitudinal J^^* 
axis of the cylinder and was rotated at the rate of 500 turns per 
minute by an electric motor. This tube was connected electri¬ 
cally with the positive pole: 23 brass collars were fastened 
one above the other along it. Six metal posts were attached 
to the outer circumference of each of these collars at an angular 
distance of 60° from one another, and all pointing in the same 
horizontal plane. Each post was tipped by a platinum needle 

^ Siehe Zeitschr.f, EUMrochemie, 9 (1903), 382. 

For data see ZeiUchr.f,a>ngew. Chemie 18 (1905), 217. 

T 
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0*1 mm. in diameter. Corresponding to tliese crowns of thorns, 

6 rows of 23 opposite electrodes were led in through the walls 
of the iron cylinder. They were insulated by short porcelain 
tubes, and each was connected to the negative pole of the 
dynamo. Each of the 23 collars, or crowns, was turned 2*5® 
around its neighbour immediately below. Turning the steel 
tube 2*5° about its axis, therefore, brought each needle exactly 
above the place where the corresponding needle of the next 
lower collar had been before. The opposite electrodes were 
small platinum-iridium hooks, and whenever a point got near 
a hook the spark struck across and the arc was lighted. The 
rapid turning of the axis steadily lengthened the arc till it 
finally broke at a length of some 15 cms. Meanwhile, the arc 
had been kindled on the points of other collars, and these arcs 
in turn were stretched and broken. In this w’-ay some 6900 
§;rcs were formed every second. There were between 250 and 
300 arcs burning at the same time. A direct current of 10,000 
watts fed these arcs. It was supplied at a pressure of 10,000 
volts. The heating current was then 1 ampere and the current 
per arc about 3 x 10""^ ampere. These tiny current strengths, 
and the great average length of the arcs, naturally resulted in 
making the arcs extremely thin. The air blown into the vessel 
could, therefore, only remain for the briefest instant in the arc 
long enough to allow for the heating of the gases and the 
adjustment of the equilibrium, but affording much less oppor¬ 
tunity for recombination or loss by radiation than did the 
apparatus of McDougall and Howies. Although the apparatus 
makes it easy for the gases to enter a second arc and so be heated 
again, stiU the yields with this apparatus are much better than 
in the arc of McDougall and Howies. 88*3 grins, of nitric acid 
per kilowatt hour, or 770 kgs. per kilowatt year, was obtained. 
Teolinical Birkeland and Eyde have devised an apparatus which is 
apparatus distinctly superior to that of Bradley and Lovejoy. By its 
land and means they have been able to obtain a still better yield of 
nitric acid per kilowatt. The principle of the apparatus is 
illustrated in Fig. 15. An alternating-current arc bums under 
high tension^ between copper poles. A strong magnetic field, 

^ Birkeland and Eyde’s method is in practical operation at the works of 
the Actieselskabet det Norsks Kvaelstofcompagni, in Arundel, Norway. 
Bradley and Lovejoy’s method does not appear to be in operation. 
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set up by a direct current, constantly ''blows” the arc away 
from its starting-point, so that it is forced outward into semi¬ 
circular form and finally broken off. One arc follows the other. 
Those belonging to one phase of the alternating current are 
blown upward, those belonging to the opposite phase are blown 
downward. The condition of affairs indicated by dotted lines 
in the figure is thus brought about. The whole plate-shaped 
arc is contained in a flat chamber through which the air is 
passed. The yield is said to amount to 900 kilograms per 
kilowatt year, and sometimes to as much as 950 kilograms. 

The form of apparatus devised by Birkeland and Eyde, like 
that of Bradley and Lovejoy, furnishes an excess of air to the 
gases after they have passed through the arc. Therefore the 



escaping gases in both types of apparatus contain only 2*3 
per cent, of nitrous vapours or even less. NO 2 is the principal 
constituent, because conversion into 1^204 does not take place 
to a large extent at such small partial pressures, though the 
temperature is low. 

Comparing rhe actual yields with the theoretical require- 
ments, we see that it will be difficult to make much further 
progress in this direction. The 900 kgs. per kilowatt year 
already amounts to four-fifths of the theoretically possible yield theoretical 
when we instantaneously cool gases heated to 4200° If we heat stand- 
the gas beforehand in some cheaper way it will improve matters, * 
provided the rapidity of cooling is not lessened by so doing. 

Howies and McDougall got poorer yields when they used heated 
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air. Besides, the improvement of the yield per unit of energy 
is no longer the point of greatest importance : 900 kgs. of 
nitric acid corresponds to 200 kgs. of nitrogen in the combined 
condition. Combined nitrogen has a market value of about 
25 cents per kg. A kilowatt hour per year, or a kilowatt 
year costs in favourable localities about $10.00. This means 
that the yield of nitric acid pays for the power five times over.^ 

Under these circumstances we see that the technical solution 
of the problem depends on how simply and completely we can 
convert the oxides of nitrogen into nitric acid. This part of 
the procedure is materially assisted by keeping the percentage 
content of oxides of nitrogen as high as possible in the gases 
from the arc. It follows from this that a further perfection 
of the electrical part of the process should keep this in view, 
and hence strive both for an increase in the temperature of the 
arc, and an increased rapidity of cooling, avoiding also any 
subsequent dilution of the gas. 

Nernst’s calculations of the equilibria in Bunsen's explosion 
experiments are not wholly unique. Calculations by Hoitsema 
dealing with the water-gas equilibrium have been mentioned 
before, and there exists, too, Le Chatelier’s ^ treatment of the 
Deacon process on the basis of Hautefeuille’s and Margottet’s ^ 
experiments on the partition of hydrogen between chlorine and 
oxygen when the three gases are exploded together. The 
idea itself, of determining the relative concentration in the 
equilibrium at the temperature of the explosion by measuring 
the distribution in the product, was enunciated by Horstmann 
at a very early date. 

Nevertheless, the earlier calculations were made either in 
cases where the specific heats were too uncertain, or where the 
rates of reaction and of cooling were not considered; but, instead, 
it was assumed that equilibrium was always attained, and that 
it was not displaced during the cooling. 

If we would gain an insight into equilibrium conditions at 

^ It seems, however, that the result of 900 kgs. per kilowatt year is not 
the regular one. The guarantee given by Birkeland and Eyde does not exceed, 
up to date, a yield of 560 kgs. per kilowatt year working on a commercial 
scale. 

^ Compt. Rend,, 109, 664. 

3 Ibid., 109, 641 
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high temperatures, it is evidently of prime importance to be 
able to measure these high temperatures with certainty. We 
saw, to be sure, in the Fifth Lecture, that theoretically it is 
possible to deduce both the temperature and the location of the 
equilibrium simultaneously from measurements of the explosion 
pressures. But we also learned there what uncertainties beset 
this method of Le Chatelier and Mallard. It therefore becomes 
of especial interest to know how temperatures above the range 
of our ordinary instruments can be optically measured.^ 

As early as the sixties Ed. Becquerel ^ used the radiation 
from incandescent solids as an index of their temperature. 
Le Chatelier first made the method practically available. From 
this it was but a short step to measure ^ photometrically the 
intensity of the light radiated from a body at relatively low 
and independently known temperatures, and having then found 
an empirical formula expressing the total brightness per unit 
area as a function of the temperature, to extrapolate from it 
into regions of high and unknown temperatures. But these 
optical methods have only found general acceptance within the 
last few years, when the study of radiation phenomena has given 
us a clearer conception of the fundamental laws of radiation. 

The laws of radiation have been investigated bolometrically; 
that is, an apparatus has been employed which absorbs incident 
rays of all lengths which contribute towards raising the tem¬ 
perature. The rise in temperatqre produced can be followed 
very accurately by measuring the change in resistance of the 
substance absorbing the radiation, provided this substance is a 
metallic conductor. A compact system of fine platinized platinum 
strips is most suitable fur this purpose. The bolometer is an 
invaluable appliance for measuring radiation, because it is 
sensitive both for the longest wave-lengths of heat and the 
shortest wave-lengths of light. Its use, however, requires such 
care and perseverance as to almost entirely preclude its use as 
an accessory method for measuring temperature. The result of 
bolometric investigations have not, therefore, sufficed to establish 
a practical bolometric system of temperature measurement. 


Older 
attempts 
to measure 
tempera¬ 
ture opti¬ 
cally. 


Bolome¬ 
tric in¬ 
vestiga¬ 
tion of the 
laws of 
radiation, 


1 W. C. Heraus has recently constructed a thermoelement which can bo 
used up to 2000°. The appliance, however, has not yet been fully perfected. 

2 Ed. Becquerel, Ann. Chim. Bhys.^ 8G (1863), 49. 

•5 Le Chatelier, Compi. Bend., 114 (1802), 214. 









Iteiii of 
till* tlirorf 
rif fiwliit- 
lloit. 

llr»l l*m» 


IViipoim* 

ilifilifift* 

iiii iafiii- 


27’*^ 

V«1 ill** p»4l iin'lliM^I tif^|ii*iii|f. u*ry 

br*;i’!f <*ii lit** in* k 

All till* Mf ^ I f |,fi||rijiltti 

i‘iiiiiiri;il«*4 }iy I\ii 4 ilf 4 f,^ Til** f4 fir Iir4 

iifllinif* i' tli.'it *’riv 444} *’fi4 ■ t3i»' m'liiitii 

it iiliMirlf-;d fli;!! A I ^*4^ ii }ii? ii iim| in |!||. 

11iifi?ijw4i'i*iil, 4fi4 \it!ii<'li 1*41*^. I 4* ill, 4iii 44'’ofir| itlj 

iliri4f1lt riiil.ifs^fi '*! ♦'VriT friii|^ f 4^nf4. iiljjfvhiif 

IM: ly Kiirliliuil Ifv^ f.:iiiiti^tfi. i»vf -.4*^ Tr*-,i!}% ia 

i4llir*l ' 44rk " f44|i4li>li I. «if lliM #411111 

tniiijii ivtliip% tlifiii liot f4 i -liiM whhh i,* hi 

II t «*tliiiii p*!l*** I4ii4 IIIin hum mill 

ill llr %* 4 liin i4 ifvrrv Mii;!ir T n/ili. I #» 1 - 1*1 .illy fcin r#!! 
llr iiilmiwfyfT iiti niuiyr^i ili»^ fii4i>ilpiii 

Iff liny * 4 !iri U 4 y ii hv 4 ii.nfnns tliiii 

jwirf *tf lip* 'lilirk'' irli.ifi'ni 11 r. r^ji|i%illnfit;^ 

III ilii'i III** |j4i;ifi¥*‘ |Prti»n E .iii}' ''nli'ifninr ii f¥|i|;i| 

fii i|¥ nltipijiiivf* A» flir Ii4it4. if 11 *" 

till? j}iiii4‘i ^4 l!f^* nl«'4<4ttl*' k ^*‘4* ***, ll'ftii 

»■' r. N 

A •' I 

Tliii iliitfiiiPiil li«»i*ii Willi niip iiint'«rl«itl ivr»rtiiii«tL Tint 
riiiiiiiipii liitP"! I*** n |»WI« lfnii|*rrffl#ir¥ lliil i% It 

liiiiil' Ir fiiiiitKl ii'ilttly l«f ttii4 iis'rt i‘Ti«mii«*-iil »t istiriii^l 
tTlfsTi* lln*iifili**ii liiiii tw iiicli i4i«*iiii«"4tl nf t4«trt«ntl iiHic-li ii 
ciillwl liiiiiiiitf#fin*iiPiT A |tiiiiiiif«a*iit f«.^l| cmi fpiiil fur iiicifi 
riiiliiillpti tlifii tlwf almciiiilit luMly «t liw niiiw irtiijmliHi* 
A gii ill II Clwiiilrr liil« ghmn «f llie liiininaicfiii^ 

jiriitlfiml hy ilit^ Ilf «4wiirtl ilwiAiiriifw Itirwiigli ii 

I1iiii|iliiirtii iliiiiiii *4 tliii itiftiiiir«'iiitw$ |ir«i«liiistil 

til® |irf>i»iii of imiiliilioti. At Itiiliiir teimpmUmm ite iimte llii 

* For III# <Ti*f Wniiif# iU|mflinriit4l* 

fifli r4| iol 4t4 frpp, Unmmph 

llliir 4wf Inio||||rr|ifiil '* iKil/, 4 inn m of tlir ii#wtr 

liif»r«liifP, »i|i«cfclly Ilf lii« ©wfi »»ri, For tlit pW# of il« f|ii*tiiifi| 

me iic#ll«tit fjiirl^fcli 4m tlftlil 

* Tlio railiitifiii of llio l^nlf v»rl«‘4 m tim of ili 

Ifiilex rif rifriclliti iT fin* TIr tofti#ir ntJo»^ of 

itiiwffiiri tr© ?4i finally to llmi <ii •!! li«l ll#« r^ii tm rofu^ 



THE DETERMINATION OF GASEOUS EQUILIBRIA 279 


phenomenon of luminescence in the green inner cone of a 
Bunsen flame burning with an abundant air-supply, and more 
generally in every explosion of gases. (See Appendix, No. VII.) 

Every gas flame from which solid particles (of carbon) or the 
vapours of salt are absent shines chiefly, if not exclusively, 
because of luminescence. On the other hand, solid bodies 
exhibit this phenomena at high temperatures with comparative 
rarity. 

Bodies which are not absolutely black either transmit radia- Solid 
tion or reflect it. If the coefficient of reflection ^ and of trans- 
parency^ for a certain temperature is given, then the coefiflcient 
of absorption ^ and at the same time the coefficient of emission 
are known (taking the coefficient of emission of the absolute 
black body as unity). We see immediately that the trans¬ 
parency of many solid substances is zero. No heat or light 
rays can pass through a piece of carbon, of platinum, or any 
similar material of any appreciable thickness at any tempera¬ 
ture. The difference between their radiation and that of the 
absolute black body is based, then, solely on their different 
powers of reflection. 

Flames in which solid particles, or the vapours of a saltriamefl. 
are glowing, leaving luminescence out of account, present in 
general quite a different case. An ordinary flame of illuminat¬ 
ing gas in which solid particles of carbon are glowing, is still 
highly transparent to radiation, as evidenced by our ability 
to see through it. The more glowing particles it contains, the 
more opaque it becomes. It must be considered quite opaque 
when a mirror or a second similar flame placed behind it no 
longer increases its luminosity. On the other hand, the re¬ 
flecting power of such flames is almost always very small. 

We can convince ourselves of this by directing a beam of 
sunlight or light from an electric arc transversely through the 
flame, and again observing the previously measured radiation. 

If this has been perceptibly increased, it is evident that the 
flame has reflected a part of the incident radiation. If it does 
not increase, then the flame can have no perceptible reflecting 
power. 

^ That is, the fraction of the radiation which is reflected. 

2 That is, the fraction of the radiation which is allowed to pass through. 

3 That is, the fraction of the radiation which is absorbed. 
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from the very shortest waves up to 19/x—often, indeed, farther. 

And it is precisely the non-visible radiation which is of 
paramount importance from a bolometric point of view, 
because at all temperatures attainable in practice, its energy 
of radiation is tremendously greater than that of the visible 
radiation. 

The second principle enunciated by Kirchhoff upon wdiich Kirch- 
the theory of radiation is based concerns the actual realization second 
of an absolutely black body. Kirchhoff pointed out that black prii^ciple. 
radiation must exist in every completely enclosed cavity 
whose walls were opaque and at the same temperature. Every 
bundle of rays in such a cavity would identical both in 
quality and in intensity with the radiation from an absolutely 
black body at the same temperature.^ 

Starting from this principle, it was but a short step 
actual realization of the absolutely black body. Yet this step the abso- 
was not made till some forty years afterwards by Wien and 
Lummer.^ body. 

If, indeed, every bundle of rays in a closed isothermal cavity 
surrounded by opaque walls exactly corresponds to radiation 
from an absolutely black body, then the rays which issue from 
a small opening out of such a cavity would not differ by a 
measurable amount from black radiation. If we would be 
very cautious, we may line the inside of the cavity with a layer 
of non-reflecting material. Lummer and Pringsheim ® chose a 
mixture of chromium, nickel, and cobalt oxide for this purpose. 

Their later experiments showed that such niceties were not 
necessary. '' Black radiation ” is emitted from every cavity 
where the opening is not altogether too large. 

Lummer and Pringsheim used a porcelain tube closed at Expori- 
one end as a cavity. It was open in front and encased in sheet 
platinum, which was kept heated to incandescence by an and 
electric current. The temperature inside this tube was measured 
by means of a thermoelement (platinum—platinum-rhodium, 
after Le Chatelier). By this means the relation between the 
black radiation and the temperature could be followed up to 

^ For the proof of this see Pringsheim, Verhandl. d. Beutschen jphysih. 
QeselUchaft, 3 (1901), 83. 

2 Wien and Lummer, Wied. Ann.j 56 (1896), 451. 

Verhandl, d, Beutschen physih. Gmelhchaft, Bd. 1 (1899), 23 and 215. 
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1500°. The observations confirmed in a most striking fashion 
a law which Stefan had originally obtained empirically, but 
which Boltzmann had later deduced^ from theoretical con¬ 
siderations with the necessary limitation to radiation from an 
absolutely black body. 

This law says that the sum total of the radiation emitted 
by an absolutely black body at the absolute temperature T 
is proportional to the fourth power of the absolute tempera¬ 
ture.^ 

If we call E the intensity of radiation, then ErZX repre¬ 
sents the radiant energy for an infinitely narrow strip of the 
spectrum. (The letter X here represents the wave-length.) The 


^ Wied, Ami. der Ehysih, 22 (1884), 31 and 291. 

^ The law can be viewed as a simple consequence of the relation (p. 22) 
which stated that— 


lladiation, being a progressive wave-motion, exerts a pressure upon the 
structure it strikes (like every progressive wave on a water surface). Now, 
the pressure which gas molecules exert on the plain walls of a containing 
vessel because of their impacts from all directions can be mathematically 
replaced, as Joule first showed (0. E. Meyer, Kin. Theorie der Oase (Breslau, 
1899), § 10), by just one-third the number of exactly perpendicular 
impacts. In the same way we may imagine the pressure exerted by the 
diffuse radiation against an absolutely black surface as having been caused by 
a precisely normal radiation of one-third the intensity. But it is the peculiarity 
of the absolutely black body that it absorbs all the rays which strike it. It 
therefore follows that one-tbird of all the radiation which the walls ahsorh 
appears as pressure, and would be capable of doing work were the absolutely 
black body connected to some suitable machine. Equilibrium, with a maxi¬ 
mum production of work, would therefore only be obtained on the surface of 
an absolutely black body at a constant temperature and with radiation E 
incident from all directions, when one-third of the radiant energy E absorbed 
is given off as mechanical work. Then the quantity of the total energy U 
given off is equal to -- E, and the work done A is equal to ^jE, and it 
follows that— 


-E = IE 


TdE 

SdT 


or 


4E 


dE 

dT 


Integration gives us the Stefan-Boltzmann law. 


.1 
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total radiation of the absolutely black body is therefore, according 
to Stefan-Boltzmanu— 


X = cc 

E(^A = s.T4 

X=: 0 


where s is a constant to be experimentally determined. 
Measurements by Lummer and Pringsheim at known tempera¬ 
tures up to 1500^^ agreed excellently with this formula. 
Knowing a from these 
measurements, it was then 
possible to reverse the 
procedure and to calculate eo 
temperatures up to 2000 ° 
from observations of the 70 
radiation of an absolutely 
black body by means of 
the bolometer. The abso¬ 
lutely black body con¬ 
sisted of a carbon tube 
with thickened ends, to 
which the current leads 40 

were attached. 

The relation between 30 

radiant energy, wave¬ 
length, and temperature, 
at various temperatures 
of the absolutely black 
body, is represented in 
Pig. 16. The wave-lengths 
in /ulS (thousandths of a 0 ^ 

millimetre) are plotted 
horizontally, and inten¬ 
sities of radiation, measured in arbitrary units, are plotted 
vertically. It is remarkable how small the visible fraction 
(between 0*4 and 0*8 /x) of total radiation is, even at the 
highest temperature (absolute) given in the diagram. 

The single observations seen upon the highest of the radi¬ 
ation curves in Fig. 16 were obtained by measuring the radiation 
with the bolometer after the radiation had been resolved into 
a spectrum. The resolution is best brought about by using a 



Fig. 16 . 






284 


THERMOD YNAMICS 


Maximum 
radiation 
and the 
displace¬ 
ment law 
of Wien. 


Bright 
platinum 
as a 

minimum 

radiator. 


prism of sylvin, which is transparent for very long waves (19/x) 
(fluor-spar is only transparent up to 12/x). 

The measurement of the radiant energy of the single wave¬ 
lengths possesses significance independently of its importance 
in determining the curve for total brightness. Indeed, it is 
possible in this way to find for every temperature a wave-length 
at which the radiant energy has a maximum. This wave¬ 
length is connected with the temperature by two relationships 
discovered by Wien, usually spoken of as the Verschiebungs 
Satz” or ''displacement laws of Wien.” According to one 
of them, for the case of the absolutely black body— 

. T = const.' 

and according to the other— 

Em = const." T'^ 

That is, the radiation intensity for that wave-length Am of 
greatest intensity, in the case of an absolutely black body, is 
directly proportional to the fifth power of the temperature, 
while this particular wave-length is also given by the quotient 

Lummer and Pringsheim found the value of const.' to 

be 2940. This number is a very valuable one for many reasons. 
For instance, using it, we find that the maximum of radiant 
energy does not fall within the region of wave-length visible to 
the eye, that is, between 0*8 and 0*4/x, until a temperature 
between 3700° and 7400° is reached. 

These relationships, true for absolutely black bodies, have 
received valuable extension through a study of the behaviour of 
bright platinum. Such a surface has very strong reflecting 
qualities, and is consequently far removed, optically, from the 
black body. Without this investigation the laws of black 
radiation would be merely limiting laws, from which an ordinary 
solid substance freely glowing might diverge very widely. The 
investigation of bright platinum, on the other hand, afforded 
a knowledge of the behaviour of an opaque solid substance 
which, because of its high reflecting power, possessed the 
character of a minimum radiator. It is here assumed that 
luminescence does not set in, and that the reflecting power of 
carbon, feme oxide, etc., does not surpass that of bright platinum 
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at liigh temperatures, wliich is certainly reasonable. The 
interesting fact is, that the radiation of bright platinum 
still approximates very closely to that of the absolutely black 
body. The form of their radiant energy curves is quite the 
same. Only the total energy of radiation does not vary as the 
fourth, but rather as the fifth power of the absolute temperature. 

The displacement of the maximum of radiation satisfies the 
formula— 

A^T = 2630 

which differs from the formula applying to the absolute black 
body only in having a somewhat smaller constant. The fact 
that so slight a change is produced by a substitution of bright 
platinum for the absolutely black body is of great importance 
in determining temperatures from radiation phenomena. It 
alone makes it possible for us to apply without great error 
methods which in principle are only permissible with absolutely 
black bodies, to solid, opaque substances of perceptible reflecting 
power, such as the carbon filaments of an incandescent lamp, 
or any other glowing conductor.^ 

Limiting our discussion for the moment to black radiation. Optical 
we see that the laws of radiation furnish a basis from which we ment^or 
may measure the temperature of the black body optically, when tempora- 
we know either the change of intensity of radiation of a single basisTf 
wave-length in the visible region, or the change of the total laws 
visible radiation with the temperature. The photometer could 
then be conveniently used in place of the bolometer as a 
measuring instrument, and the light radiated by one square 
millimetre of the black body’s surface (the so-called surface 
brilliancy,”) would either tell us directly, or after preliminary 
resolution into a spectrum and selection of one particular wave¬ 
length, the temperature of the black body. 

Wien has developed an expression for the intensity of any The Wion- 
given wave-length, which Planck ^ has improved by the results 
of experimentation. This formula is— 


— -1,—— 

- 1 

1 Consult in this regard the discussion at the Naturforscherversammlung 
at Hamburg. Fhysih, Zeitschr,, 3 (1901-1902), 97. 

2 Verhand. der Dmtschen physih, Oesellsckaft, 2 (1900), 202. 
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where a and J are two empirical constants. It can readily be 
transformed into— 

- g-xr/ 


The fraction enclosed in brackets wonld always be very nearly 
eq^ual to nnity for short wave-lengths and any temperature 
practically attainable. Actual experiment shows that this is 
true, and it can therefore be omitted. Taking logarithms, we 
get— 


ItiE = Ina — UnX — 


XT 


If we measure the intensity of radiation from the same body at 
two different temperatures, T' and T", and for the same wave¬ 
length, we should find that— 

/ 1(1 1 ] 

- rj.rJ 

The constant 5 can be calculated from the investigations of 
Lummer and Pringsheim on the radiation of the black body, 
using the Wien-Planck formula. It lies in the neighbourhood 
of 14,600. 

A convenient and valuable optical thermometer devised by 
Wanner,^ depends in its action upon the above principles. With 
this instrument we simultaneously observe the surface brilliancy 
of a black body and that of a ground-glass plate illuminated by 
an incandescent light. Each half of the field of view corresponds 
to one of these two sources of radiation. Within the instrument 
is a direct-vision spectroscope which resolves the incident light 
into a spectrum. Diaphragms of proper dimensions then cut 
out all the light except that of wave-lengths near to 0*6563/^. 
A pair of Nicol prisms are inserted in the path of the rays 
coming from the ground glass. By turning one of these (the 
analyzer) about its axis, the brilHancy of the corresponding half 
of the field of view may be varied at will. By reading off the 
angle through which we turn the Nicol, we can obtain a (Quanti¬ 
tative measure of this change in brilliancy. If we adjust the 


^ Physih Zeitschr.f 3 (1901), 112. 
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brilliancy of the incandescent field so as to equal that of an 
absolutely black body, in one case at the temperature T', and in 
another at the temperature T", then the ratio of the two angles 
as read will represent that of the intensities of radiation of the 
absolutely black body at these two temperatures. (This, of 
course, applies only to the wave-lengths 0’6563ju and the same 
radiating surface.) • If we know the temperature of the black 
body in one case, then, by the help of the above formula, we can 
calculate the temperature in the other case. In order to be 
independent of any decrease in the brilliancy of the incandescent 
light after long use, such a temperature T' of the black body is 
chosen that its intensity is exactly equal to that of a Hefner’’ 
lamp for the wave-length X = 0*6563. The von Hefner amyl 
acetate lamp is in general technical use as a unit of light 
intensity. It is easily reproduced, and corresponds to a definite 
temperature of the absolutely black body. What this particular 
temperature may be is determined once for all by a simple blank 
measurement with each instrument.^ 

This instrument permits us to measure temperatures from 
900° up to 2000°. We cannot go higher, because the incan¬ 
descent filament then disintegrates, and the glass bulb becomes 
darkened. But there is no reason why some other source of 
light should not be used in its place. 

The interior of technical blast furnaces and glowing tubes Applioa- 
sends out nearly pure black radiation, so that the Wanner 
pyrometer may be unhesitatingly used in both these cases, optical 
But the temperature even of solid, coherent surfaces glowing in 
the open may be measured by its means without perceptible 
error, provided, they are intermediate in their behaviour between 
bright platinum and the absolutely black body. Liimmer and 
Pringsheim have compared bright platinum and the absolutely 
black body at 1100° abs. and 1800° abs., using another pyrometer 
based on the same principles, and found a deviation of but 40° 
at the lower temperature, and 100° at the higher. With poorer 
reflectors than platinum, with carbon filaments, for instance, 
the error would be much smaller. A special advantage of the 
instrument consists in the fact that the comparison of the two 
halves of the field of view need not be a very accurate one. 

1 See for the use of this instrament, Nernst and v. Wartenberg, Yerhandl. 
der physih. Qeselhchaft^S (1906), 48. 
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2068*4° abs., that is, 1795° C. On this basis we obtain the 
surface brilliancies labelled ‘'calculated'’ in the following table:— 



Degrees C. 

Surface brilliancy in H.C. per sq. in 

Observed. Calculated. 

1 

1175 

0-0042 

0-0039 

2 

1325 

0-0220 

0-0222 

3 

1435 

0 0635 

0-0653 

4 

1G90 

0-50 

0-500 

5 

1690 

(0-47) 

0-500 

G 

1780 

0-91 

0-909 


Nernst apparently got number 5 by extrapolation. The 
temperature of 1780° represents, acccording to Holborn and 
Wien, the melting-point of platinum. If we calculate from 
,this and a the value of the radiation constant &, using the 
relation— 

a . X . T (H = i) = 6 
and putting X = 0*6, we get— 

h = 1G,0C2 

while we should have expected (p. 83)— 

b = 14,500 

or, according to Lummer and Pringsheiin, 14,600. The differ¬ 
ence is not large, and may be ascribed to physiological causes. 

The eye is not equally sensitive to light of various colours, and 
though we consider the boundaries of the visible spectrum to 
be 0*4 and 0'8yu, we may better put the mean visual wave¬ 
length, not equal to 0*6/<i, but somewhat shorter, perhaps 0*55jU, 

We may further test this relationship by means of Lummer Experi- 
and Kurlbaum's ^ data regarding the total radiation of bright Summer 
platinum. They have expressed their results in the following and 
equation 

H" ~ V'i’V 

^ Verhandl: d. Deutschen physik. Qeselhchaft^ 2 (1900), 91. 

U 
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where x varies with the temperature, 
then— 


, H' , T' 


Taking logarithms, 


We note that T' and T" must be very nearly equal, if we 
would have x replaceable by a fixed value in this expression, 
and if we represent the difference between T' and T" by AT, it 
follows that— 


T' 

In 


T" + AT 



.But, according to the rules governing calculation with small 
q[uantities— 

at\ _ ^ _ T' - r' 

rj\ff J — — f^rt 



Thus the Lummer-Kurlbaum formula becomes— 


H" T'-T" 

H7 — ^ 

This expression is identical with the above when we put 

constant « ,, , , . 

X = —?jv-—, lor we then obtain— 

7 H" , T'-r /I 1 \ 

= const.= const. 

Lummer and Kurlbaum have prepared a table giving the 
values of x for various temperatures of bright platinum, and 
I reproduce it below. The products xT are added. They 
should represent the constant in the expression obtained above, 
and ought not to vary if this expression has been correctly 
deduced. 


Absol. temp. T . 900 1000 1100 1200 1400 IGOO 1900 

Exponent rc . . 30 25 21 19 18 15 14 

Product ojT . 27,000 25,000 23,100 22,800 25,200 24,000 26,600 

We see that the products xT are, indeed, nearly constant. 
The different values vary around 24,920, as Easch has pointed 
out. On the basis of the mean wave-length 0'55/i, we then 
obtain 13,706 as the value of 6. The ratio of this value of the 
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constant 6 for bright platinum to the value 14,500 for the black 
body, corresponds quite closely to the difference between these 
two extreme cases as found by Lummer and Pringslieim, 
namely— 

A^T = 2940 (black body) 

AmT = 2630 (bright platinum) 


The calculation of absolute temperature of solid incan¬ 
descent bodies by means of the formula— 


12-943/ 


2068-4n 


therefore, appears justifiable up to very high temperatures, 
particularly if the radiation issues from a tube or cavity. 
IsTernst found the total radiation from 1 sq. mm. surface in a 
cavity at the temperature of melting iridium to equal 12*1 ± 0*6 
Hefner candle-power, assuming that m in the Lummer-Kurl- 
baiim formula remained constant and equal to 14 at a bright, 
white heat, or in any case equal to 13 above the temperature 
of melting platinum. From this he calculated the melting- 
point of iridium to be 2203° and 2338° respectively. On the 
other hand, Easch, using the formula first explained, calculated 
from Hernst's observations that this temperature was 2285°, 
or, taking a slightly greater value for a (13*02), 2287°. Herrnus' 
value of 2400° for the melting-point of iridium is certainly too 
high. 

If, then, it is possible for us to measure the temperature of 
solid bodies, and particularly the temperatures of the interiors 
of tubes, with considerable accuracy, we naturally ask what 
advantage we may derive from this for the study of equilibria at 
elevated temperatures. We are greatly hampered here by the 
fact that our supply of substances impermeable to gases above 
1500° is very scanty. Carbon vessels cannot be made gas- 
tight, and metallic vessels, among which those of iridium are 
the most important, can only be used with certain limita¬ 
tions, for at an intense white heat this substance preserves 
neither the refractory chemical properties nor the impermea¬ 
bility to gases which characterize it so markedly at ordinary 
temperatures. 

Flames, on the other hand, are available without restriction, 


Example 
showing 
the appli¬ 
cation of 
the optical 
method of 
tempera¬ 
ture 

measure¬ 

ment. 


Applica¬ 
tion of 
this 
method 
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measure¬ 
ment of 
chemical 
equilibria. 
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region of wave-lengths under consideration; A the absorption co¬ 
efficient of the flame for the same wave-lengths ; the radiation 
coefficient, and 1 the absorption coefficient of the absolutely 
black body at the same temperature and also for the same 
wave-lengths. If, then, we assume that at any one temperature 
of the absolutely black body insertion of the flame into the 
path of the rays produces no change in the field of view, 
then— 

E + DSi = Si.(60 

Here E has the same significance as before. D is the coefficient 
of transparency of the flame for the wave-lengths used in the 
red, and Si the radiation coefficient of the absolutely black body 
for the same wave-length and at the temperature at which 
insertion of the candle-flame produces no change in the field. 
This formula is derived from the simple consideration that 
when the candle is inserted, the radiation coefficient E of the 
flame plus the transmitted radiation DSi are active, while when 
the candle is removed only the unimpeded radiation Si of the 
absolutely black body produces any effect. From this equation 
and (&) it follows that— 


AS2 + DSi = Si 


and with the help of (a) that— 


S2 



- D ^ A + E 
A ” ’A 



When, therefore, we assu^me that the radiation Si of the 
absolutely black body at the actual temperature prevailing 
when we adjusted to precise equality, is equal to S 2 , the 
radiation which the black body wouM send out at the tempera¬ 
ture of the flame, we commit a mistake the magnitude of which 
depends solely on the ratio of the reflecting to the absorbing 
power of the flame— 

E 

A 


and which may therefore be practically zero if this ratio is very 
small. Indeed, the method would still give correct results even 
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because we neglected this would only involve an error of 

120° degrees in our temperature measurements at 1430°. 

It is possible to apply this optical method to non- Measuro- 
luminous flames when we artificially colour them. Fery ^ used 
the vapours of salts, preferably sodium chloride, for this luminous 
purpose. He assumes that the sodium line shines from pure 
temperature radiation; that all the luminescent radiation of 
the .flame is zero ^ for this wave-length; and, finally, that the 
transparency of the coloured flame is small for this wave¬ 
length, and consequently the quotient ^ is nearly equal to 

zero. He was able to confirm experimentally that the reflect¬ 
ing power is very small, as would be expected. If all these 
assumptions are true, then the optical measurement of the 
temperatures of non-luminous flames by means of the spectro¬ 
photometer can be easily carried out, by simply colouring them 
with the vapour of sodium chloride. In making these measure¬ 
ments Fery observed the spectrum of an incandescent lamp, 
which he assumed to radiate as a black body, and inserted the 
flame, coloured with salt vapours, into the path of the rays 
from it. So long as the brilliancy of the lamp was below 
a certain point the sodium line appeared bright. As the 
brilliancy of the lamp was increased, a point was reached at 
which the bright line changed to a dark one. This reversal 
of the lines in the spectrum is a well-known phenomenon. 
Kirchhoff recognized, even before he had deduced his Law 
of Eadiation, that the bright lines which coloured flames 
show when viewed by themselves, are supplanted by dark 
lines of identical wave-lengths when more intense light of the 
same wave-lengths falls upon them. Kirchhoffs explanation 
of the Frauenhofer lines was based on this very experiment. 

The only new feature here is the quantitative relation between 
the temperature of the flame and that of the other source of 

1 Comp. Bend., 137 (1903), 909. 

2 This assumption exactly contradicts Pringsheim^s opinion that the 
vapours of metals in the flames shine only through luminescence. In this 
connection, see the treatment of the subject in the ^‘Rapports prdsentds au 
Congr^s intemational de Physique, Paris, 1900,” vol. 2, p. 100, where a 
bibliography is given; and Kayser, Handb. der Spektroskopie,” vol. 2. 




11p^ 
ilii «««' 

IIW'lll f.| 
llwiif# 


]lA^l It I \ I fl^ ' ^ 4 ) ^ ^ V ll^^ 

i|lia|ll 0 II * <4 ],|! iJi , iM > **, ♦ * ^ 

t}i4* ^ ^^4! . Ill j .',4 l, . 

llir I4^ii.41^^11 :ir> ^ ^ i| ^Jt l« iii 

piiHji 1^11“' i Ks/j* * <. ^ !i^ I .1 ri 411 ,4»ii»i4il 

l^ir ill*' lilt* f 5 ^ , 4 4*1 4 fr*.it4i| 

Ilf iL*^ III 1 ^ 4 * I .* ' 1 ^ ti f.^ .**4 iij< 4Ji- 

4*‘^«4‘fif l4iii|»|ss 4f* I? 4 'i 4 >!4i4 i '♦ * II ‘ * 4 4 '1 4r4« f. 


If tlir i.siiiwn^M 

* I 

Hr 14 r 

. < tl: 1 > 

,}. i, , 

*• 1' 3.;.:!,. <1 ;v, ,» 

l«iirtiii|| |4 flir 1 

^141 

1 1 4^ il* . 

’* f 4 * A I i 

.i« li i»< 

'”, . Il.t-u (is*’'* 

}t|iM4 i|lJf^- Ifl !|M ' 


*11 I M 

^ M l!7> J 


{',. t' -t.h'i 

fill llir iLlli h f 

4f|4 

Hi V‘ 1 t 

. If. 

!<.t||,4 


11, 1 1 


l,. t 

1, ' 

WM'k 

t ’ .-i ! 


t, I '<^ » ri ’ I 4 I ? 

1^71 I'IV r:\^. 


1 hr %4il4« ♦ ir ** 44 i 4 I ^ ^ t i l!?l 4hif f.ll 4 * ' 

llii* fli 1 !t4^« * ^<4 ' Hr s r4*44ii«i 1 ' s !*'i .|« ; r »4»' m| 

Iliillli ' i f4 4:illl!j 1 i 1*1* f* ll# ** Itl *1 ^ I ^f ih# 

fjt|iii||4l4 ^tl|f|ii\4| Hr I '^h| 4 71 |r > I hit llii 

ilfiilw^*! rriiii#!'4 iitl-rn 4H‘I Iii#j‘iiirh ^p r limf^l 

|>l*'Mllili**il H 1 / llrrh! li 4 < p Ir- |i4|||‘^ 

Iliiili*4l7^ r%|ti'fifii«Ml ^ r,p)ii th*' fir thifrrtt 

illllil ll!iH^lr4|r llir |<.i 41. || 41 4 " Ih IMIM. rfr*! 

^ ill f'i l|4“ 114 11?. r iii '! h'r'h lr» 1*1 M f «!i?‘4 I* 1• || <• f fI? * 

Cilit'llr lflw4ii# iti'»| rsh/|?.?«!4t 4 H 4 it r | ,\tr 

ftirlrf, rc 44 ^^ / 1 # t>* ♦' #4 ^ ’"'h ® ^ ’A 4 ^ I 1 p I# I 4 ;M» wrf 44#! 

ikiltliiiiipi tfiililW r'lrtr#*'"'|pi:l,. | fwiWl ita 

f^flllC'if lliii fji||< tsite|# l^ifr r| IM' »t-4 4 | 4 |4i. «4« < f lii? tr 


WmIm . . . 
Mifiiiii^iiiit. 
i«i|i«if * , 
Iiif« • * . 


. liir I 0 §mf . 

lift'* I iiml4 

, 14ft** I li#lliiiii#i 

. w f i 


w^mtg |«4*s| 

, iiir 
. imf 


H»tfi#r€#tM tiliiihlf trlfffrMT# l.i ikm miU hiHtri Im ifc« 

iiif?iitiftrt|li, ^llpttilt sirr tilftfrfii §4? h#r4# flrifiilf, 

llillh 

* i^kmstiff ntm , iw^ 


* At 7t^t Willi, p$fmmw, I irir, *4 f h#S4r*“« llr li.|*# 

0‘CM/7 

f At li§ tllfll. l-r^^feiflfM I I4f«, rf ||*»%f4ltr 4iiftt4|fr« llw‘ li.p* 

ihir, 










THE DETERMINATION OF GASEOUS EQUILIBRIA 297 


the temperature of the colourless flame from the tip of the 
inner cone upwards along the vertical axis, inserting the junc¬ 
tion of his thermoelement at these points. After that he fitted 
a cap of quartz over the junction of his thermoelement, and 
made a second series of observations. Thirdly, he made another 
series of observations with a cap of bright platinum over his 
quartz cap. In the first case he found temperatures between 
1350° and 1391°; in the second, temperatures between 1110° 
and 1133°; and in the third, temperatures immediate between 
the two, though approximating the more closely to those with 
unprotected junction. The thermoelement therefore showed 
the lowest temperatures when surrounded by the quartz alone. 

Baikoff considers these temperatures to be the true tempera¬ 
tures of the flame, the higher temperatures registei^ed being duo 
to catalytic action of the platinum. He believes the very 
natural explanation of unequal radiation to be precluded by the 
fact that the phenomenon is not altered when the flame is 
surrounded by a'^iof chimney. But one sees immediately 
that the intensity of radiation increases so tremendously with 
the temperature that a chimney, even if heated to incipient red¬ 
ness, would have no effect on the radiation of substances at 
temperatures of 1500-1800° Though perhaps superfluous, I 
have further convinced myself that it is only necessary to 
cover the quartz cap with finely divided platinum, instead of 
bright platinum, in order to change the lise of temperature 
into a fall.^ 

In order to accurately determine the temperature of a flame Conditions 

thermo-electrically, it is of primary importance to know how 

much heat is lost through the radiation from the thermoelement accurate 

itself. Waggener,^ Hichols,^ as well as White and Traver,^ deSric 

have found that the temperature indicated by the junction is measurc- 

almost exactly a linear function of the thickness of the the^t^empe- 

element. If, then, we measure the temperature of the same rature of 

flames. 

^ In BaikofTs more extended publication in the Russian, experiments are 
mentioned with slitted platinum caps, which Baikoff could not bring in con¬ 
formity with his theory of the catalytic elevation of the temperature (see 
Chem. Centralblatt ” (1905), i. 1357) 

2 Wied. Ann , 68 (1896), 579. 

^ Journ, Franldin Inst., 150 (1900), 374. 

4 Town. Soc. Chem. Ind. (1902), 1012. 
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flame successively with elements of diminishing thickness, we 
can extrapolate for the true temperature as measured by an 
element of zero thickness. If the thinnest element used in this 
process be not thicker than 0*1 mm., the extrapolation is not a 
very large one, amounting to between 30° and 100°, depending 
on the thickness of the wire and the temperature of the flame. 
If we base our observations simply on the readings of a thick 
thermoelement, the indicated temperatures will be some hun¬ 
dreds of degrees too low. Waggoner found the temperature of 
the hottest part of the Bunsen flame to be a little above 1785°. 
Berkebusch ^ found it to be 1830°, using an entirely different, 
though, to be sure, not very accurate, method. This agrees 
with the fact first observed by Bunsen, and later confirmed by 
Waggoner, Fery, and others, that a fine platinum wire can be 
brought to incipient melting in the hottest part of a Bunsen 
flame. The melting-point of platinum lies at 1780°. Fery, 
as mentioned above, found 1871°, a temperature lying in this 
same region. We obtain a similar value if we determine the 
heating power of illuminating gas with Junker’s calorimeter, 
the amounts of carbon dioxide and of water produced from one 
volume of illuminating gas by complete combustion, and the 
amount of oxygen consumed in this combustion. From these 
data we can again calculate the heat evolved, and can then 
again calculate from the known specific heats the maximum 
temperature attainable, hfumbers of the same magnitude are 
obtained as before. 

These facts show us that the linear extrapolation to zero 
thickness of thermoelement leads to correct values for the 
highest temperature of the Bunsen flame. It leads to still 
more certain results at low temperatures, for there the loss by 
radiation is much smaller, and the extrapolated temperature 
but slightly exceeds that indicated by the thinnest thermo¬ 
element. 

The effect The thermoelement should not be left too long in the 
heating in during a measurement. Waggoner has shown that pro- 
the flame, longed heating in the flame produces certain heterogeneities 
in the platinum-rhodium wire, which give rise to incorrect 
readings. 

The effect If we are using thick thermoelements, we may measure the 
of internal 

resifltanoe. ^ Wted, Ann.j 67 (1899), 649. 
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electromotive force directly by means of a high-resistance 
voltmeter. Thin thermoelements have such a higli resistance 
of their own, especially when heated, that with them we must 
always use the compensation method. 

The position of the two wires of the thermoelement in the The oflfect 
fames relative to each other is not without effect on the readings. of 

It is not advisable to have the wires leading to the junction the wires, 
parallel to one another. Binding the wires so that the ends in 
the neighbourhood of the junction are in the same straight line 
usually suffices to give good results. 

It is important, in making the measurements, to heat the 
two wires of the thermoelement symmetrically — that is, 
keep each at equally hot places in the flame. Any one-sided 
heating of the wires near the junction introduces an error 
due to conduction of heat, and this is not eliminated by the 
extrapolation to zero thickness, but instead is rather accentuated 
thereby. 

I have, in collaboration with Eichardt, measured the tem¬ 
perature of the Bunsen flame thermo-electrically in order to 
determine the water-gas equilibrium existing there. Our 
results, which have been confirmed by Allner, were presented 
in the Fourth Lecture. 

Let us examine the Bunsen flame a little more carefully. The 
in order to better understand the method of measurement, 

This flame presents quite a different appearance if the air- 
supply, which enters at the draught hole of the burner and 
mixes with the illuminating gas inside the tube of the burner, 
is altered by even a very few per cents. If we let the flame 
first burn luminously, and then by slowly opening the draught- 
hole increase the air-supply, the luminous part of the flame 
first vanishes, and an indistinct separation occurs into an inner 
and outer cone. As the air-supply is further increased, the 
inner cone becomes very much smaller and more sharply defined 
and brighter. Its colour is now a pronounced green, differen¬ 
tiating it clearly from the violet of the outer flame. Gas-flames 
of this type are generally obtained in the laboratory by means 
of the so-called Teklu burner. The modem domestic gas stove 
always furnishes* such a flame. Every Auer burner, after its 
mantle and mantle-holder have been removed, also gives a flame 
of this character. 




> 
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Steadying 
a Bunseu 
flame. 


The inner 
parts of 
the flame. 


The 
position 
of the 
inner cone. 


If we produce a flame of this kind with a Teklu burner, we 
find that the inner cone burns with a loud noise and a fitful, 
rapid to-and-fro motion. To convert this into a quiet and 
perfectly steady flame we need only to lengthen the tube of the 
burner by a few decimetres. The unequal mixing and cross¬ 
currents in the short tube are evidently the cause of the 
unsteady burning. All the equilibrium measurements were 
therefore made with the flames from Teklu burners whose 
tubes had been lengthened about a half a metre by means of a 
glass tube of the same bore. 

We are accustomed to say that the illuminating gas burns 
in the flame. The expression is inexact, for nothing is burning 
in the flame. The flame is nothing but a mass of glowing gas 
surrounded on all sides by an extremely thin zone in which the 
combustion is taking place. 

This boundary is represented diagramatically in Fig. Vl: db 
is the opening of the burner; ale represents the inner cone,"' 
adl the outer cone.’’ In the inner cone the 
qI mixture of air and illuminating gas burns to a 
mixture of nitrogen, carbon monoxide, carbon 
dioxide, water-vapour, and hydrogen.^ Since the 
four gases CO, Hg, CO 2 , and H 2 O are connected 
by the water-gas reaction, we may say that the 
inner cone furnishes water-gas diluted with 
nitrogen. In the whole space between inner and 
outer cone oxygen can never be detected analyti¬ 
cally This is the basis for the statement that 
notWg can burn in the flame. In the outer 
cone adh everything that can burn to carbon 
dioxide and water-vapour does so. 

Fig. 17 . The relative position of outer and inner 

cone is governed by a simple equation. The 
inner cone represents a stationary explosion. Its position 



1 In addition to these, methane is sometimes found in small quantities. 
(See Appendix, No. IX.) 

2 Such traces as con’espond to the equilibria 2113 4- 0^ 2H«Q and 
2CQ 4- O 3 2 CO 3 . These traces must be extremely small, because the 
excess of Hg and GO present in the flame stands in the way of the dissociation, 
which even in pure HgO and COg only amounts to a very small value at the 
temperature of the flame. 
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conforms to the condition that the rate at which the ignition 
is propagated downward shall equal the rate at which the 
entering gas moves upward. Michelson^ used this relationship 
to determine the rate of propagation of explosions. 

The position of the outer cone is governed by the condition The 
that the amount of oxygen furnished per second by the sur- 
rounding air shall just suffice to burn the combustible con- outer cone, 
stituents coming from the interior completely to carbon dioxide 
and water-vapour in the same interval of time. 

The zone ah is but a fraction of a millimetre thick, and the The lem- 
gas passes through it in about the 0*001 part of a second. 

The thickness of the zone adh is not very easily estimated inner cone, 
with the eye, but it is undoubtedly of the same order of 
magnitude. 

The temperature in the zone ach is approximately 1550°, 
under a strong draught. This part of the flame was formerly 
considered to be much hotter, judging from its brightness. But 
the thermoelement gives no indication of this. Arguing from 
theoretical grounds, it has been claimed that the temperature of 
this zone should be higher than 1550°, because the gas must be 
heated by the combustion zone ach before it reaches it, and should 
therefore attain a higher temperature when it burns itself. That 
is, it has been concluded that the gases reach a higher tempera¬ 
ture than they would did they depend simply on their own 
heat of combustion to raise them from the temperature of the 
room to that of the burning gases.^ This is a mistaken con¬ 
clusion. Every burning layer in ah must give off ditring its 
burning just as much heat to following portions of the gas as it 
received itself from earlier burning portions. It therefore does 
not attain any higher temperature than it would if it burned 
without previous heating, and was simply heated by its own 
heat of radiation. We can calculate what this temperature 
would be knowing the composition of the gas leaving the zone 
ach, Eichardt and I have actually made this calculation, and 
find the same temperature of 1550° within the limits of experi¬ 
mental error of the thermoelement. The bright green colour 
of the inner cone is therefore only luminescence. 

1 Wied, Ann,, 37 (1893), 1. 

^ Mallard and Le Chatelier, Ann, des mines (8), 4 (1883), 344; Gouy, 

Ann. CTiim. Phys. (5), 18 (1879), 1; Michelson, loc. cit. 
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Heat 
losses 
from the 
inner 
cone. 


Distribu¬ 
tion of 
tempe¬ 
rature 
between 
the cones. 


The heat losses from the combustion in the zone ach are 
small. Mache ^ has investigated theoretically how much heat is 
abstracted by the incoming current of unbnrnt gas. If Cp be 
the specific heat of the gas flowing into the combustion zone at 
constant pressure, Cj the velocity, and po the density of the 
gas mixture, both referred to 0° and 760 mm., and h the 
constant of heat conduction, then— 

h d^T dT . 

Cj, ^ ~ ^ 

T here signifies the temperature at a distance x from the flame 
on the side of the infl.owing gas. Integrating this formula and 
substituting values for the case of hydrogen burning in oxygen, 
Mache found that room temperature prevailed at a distance not 
more than a few hundredths of a millimetre from the outer 
boundary of the flame. No perceptible loss, therefore, takes 
place in this way. There is, of course, a certain loss due to 
radiation, but it is so small as to be negligible. 

The gas has no opportunity to lose any heat between the 
inner and outer cone. Indeed, it must become warmer as it 
approaches the outer cone, for there the gases already heated to 
1550° burn completely, the temperature rising to 1800°, as 
mentioned above. 

The fact that we find the temperature rises as we move our 
junction horizontally outward from the vertical axis of the 
flame toward the mantle adl agrees with this conclusion. The 
reason that we find in fusion experiments the outer parts of 
the flame not to be as hot as other parts is simply due to the 
vibration of the flame. Unless the object is sunk deeply into 
the flame, it comes in contact with the cold outer air. Then, 
too, heat is conducted away by the supporting device, unless 
this is also heated by the flame. 

The temperature gradient from the outer toward the inner 
cone is much less abrupt than from the inner cone into the 
inflowing gas. There are two reasons for this. In the first 
place, the hot gases in the region abc conduct heat very much 
more readily than do the inflowing gases; The coefficient of 
heat conduction increases approximately proportionally to the 

1 Sitzungsler. Vitnna Acad,, 108 Ila. (1899), 1152. 
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square root of the temperature (Mache, loc. ciL). Then, too, the 
velocity of the gas is smaller in the ratio of the surfaces of 
the two mantles adb and acb, so that the heat conduction can 
progress farther and more quickly into the inflowing gas. 

We cannot directly investigate the composition of the gas 
mixture in the Bunsen flame. This is due to the fact that the 
product of combustion in the lower parts of the outer mantle, as 
they rise, work their way into the interior of the flame, and 
dilute the gases there present. For this reason the normal 
temperature conditions are somewhat displaced, particularly in 
the upper part of the flame. 

We may,' however, arrange conditions which permit an splitting 
investigation of this point if we dispose of the outer cone. 5^^" 

^ •*- sen fid me* 

Teklu, as well as Smitliells and Ingle, hit upon this device.’- It 
was very simply done by fitting a glass tube of suitable 
dimensions over the end of the burner tube. A stopper is made 
to fit tightly between the burner tube and the outside glass tube. 

The relative sizes can be seen from Fig. 18, where a scale divided 
in centimetres is included in the photograph. 

The inner cone acb burns quietly at the top of the burner 
tube. The outer cone burns higher up at the opening, of the 
outer tube. Since the gases now find opportunity to cool off on 
their way from inner to outer cone, the temperature conditions 
in this latter are naturally quite different from before. 

The outer cone is not nearly so hot. The inner cone, on the 
other hand, suffers no change. The entrance of air into the 
space between inner and outer cone is wholly prevented in this 
arrangement, and samples of gas may be removed from it for 
analysis. For this purpose we may hang a capillary tube of 
porcelain down from the edge of the glass tube, or, as in Fig. 19, 
we may insert a double-walled platinum tube through the side 
of the glass tube. This tube may be moved in or out, and water 
kept flowing between its double walls. If this water is kept luke¬ 
warm, and. the tube is brought close over the tip of the inner 
cone, the gases experience an extremely sudden drop in tempera¬ 
ture, and yet the temperature is not so low that water-vapour is 
deposited from these gases on the walls of the platinum tube. 

In this way we get the gases in a suddenly cooled condition 
without any loss of water-vapour. If at the same time we hang 
1 Jour, Ohem. 80 c., 61 (1892), 204; Jou/r. prad, chewde, 44 (1891), 240. 
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enclosed in quartz capillary tubes, which may be lowered into 
the outer tube. We can easily bring these capillary tubes to 
any symmetrical places in the flame with exactness by means of 
the fine adjustments provided. Extrapolating from the readings 
of the two thin elements, we can determine the temperature for 
a thermoelement of zero tliickness. 

It is not as easy to determine the composition of the gas Analysis 
samples with the required accuracy as one might at first think, 

The great quantity of atmospheric nitrogen dilutes the gas and of gas. 
reduces the percentage of the other gases. If we attempt to 



determine the carbon monoxide, carbon dioxide, and hydrogen 
volumetrically, and, knowing the composition of the unljurnt 
gas, calculate the amount of water-vapour, the results are 
uncertain. But we get very satisfactory results when we re¬ 
member that we may consider the equilibrum constant (p. 113)— 

as the product k x ic' of the two quotients— 


C 


H20 


OcOa 


and K = 


Ch.> 


We may determine the value of one of these quotients by simply 

X 
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conducting the gas through the absorption tubes used in an 
ordinary organic combustion analysis. The other quotient may 
be determined by a single combustion over mercury of a sample 
of the gas freed from carbon dioxide. Knowing the contraction 
accompanying this, the consumption of oxygen and the amount 
of carbon dioxide formed, we can calculate, not only the amount 
of carbon monoxide and hydrogen present, but even that of a 
third component, say methane. The equations here used are 
those developed by Bunsen^ for the combustion analysis 
of gas. 

The cal- Wohl^ has recently attacked these equations of Bunsen, and 
sought to substitute others in their place. If we arrange under 
aualyais. ''CoD.’’ the contraction taking place on combustion, under CO 2 
the amount of CO 2 produced, and under Vo the oxygen con¬ 
sumed, all expressed in cubic centimetres, we obtain, according 
to Bunsen, the following table for the combustion of CO, 
and CH4:— 

CO2 Vo Con, 

CO .... 1 4 4 

H 2 . . . . 0 I 14 

CH, ... 1 2 2 

and consequently— 

002 = CO + CH 4 

Con. = 400 + liHa + 2CH4 

V, = |co + 4H2 + 2CH4 

The quantities of these three gases can be calculated from 
these three equations. But Wohl objects to this, saying that 
the quotient of the molecular weight divided by the density 
at 0° and 76 cms. approximates very closely in the case of 
hydrogen, carbon monoxide, and methane to the value 22*41 
for an ideal gas, but that in the case of carbon dioxide we 
get a very divergent value for this quotient, namely 22*26. 
He therefore concludes that Avogadro’s rule does not apply 
here, and consequently that Bunsen's equations cannot be 
accurate. 

Discussion We consider Wohl’s objection to be quite invalid. We 
of Wohl’s 

formula. i «Gasometrische Methoden,” 2nd edit., 1877. Second section. 

2 Ber. d, deutschen Chem. Ges,, 37 (1904); 429. 
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obtaia from Van der Waal's formula^ for the relation between 
the pressure, volume, and temperature of a gas— 

(p + - &) = ET 

the following relation between the molecular weight M and 
the density do of a gas at 0® and 76 cms.— 

-^(1 + a){l -b)=R 

Van der Waals found a and b to have the values— 

a = 0-00874 
b = 0-0023 

for carbon dioxide, and consequently— 

^ X 1-0064G = E 
M 

Wohl's value for ^ = 22-26, therefore, gives an entirely correct 

value for K if we multiply by the factor 1‘00646. The deviation 
from the value 22*41 is therefore solely due to the fact that 
carbon dioxide is not a perfect gas at 0° and 76 cms., and has 
nothing to do with Avogadro's rule. 

When the pressure of carbon dioxide is reduced to one-third JustiUca- 
of an atmosphere or less, its deviation from the behaviour of an 
ideal gas is so small as to be negligible in analytical work, formula. 
One can easily convince himself that this is true by making 
use of Van der Waal’s equation. Of course there is no question 
but that we are introducing a perceptible error when we assume 
that 100 c.c. of carbon dioxide are formed by the union of 100 
c.c. of pure carbon monoxide and 50 c.c. of pure oxygen (all the 
volumes being measured at 0*^ and 76 cms.). Indeed, we should 
only obtain 99*4 voL But it is quite unjustifiable to ascribe 
any universal significance to this deficit of 0*6 per cent., and 
to suggest an alteration of the Bunsen formulae on this ground. 

Besides, it is very seldom that we have pure carbon dioxide 
formed in a gas analysis. Instead, we usually obtain by 
explosions mixtures of which only a fraction is carbon dioxide. 

The use of Bunsen’s equation assumes the gases to obey Dalton’s 

1 Van der Waals, Kontinuitat,” etc. (Leipzig, 1899-1900), voL i. p. 85. 
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law of partial pressures, according to whicli the total pressure 
equals the sum of the partial pressures. If the single gases 
deviate perceptibly from the fundamental gas law— 

= RT 

as carbon dioxide does at 0° and 76 cms., then Dalton’s law is no 
longer strictly fulfilled. In this case it is absolutely impossible 
lo calculate the results of analysis by using fixed correction con¬ 
stants in Bunsen’s equations, as Wohl advocates doing. Instead, 
it would be necessary to determine fresh constants for each 
gaseous mixture by a special investigation. This is evidently 
quite impossible in the ordinary practice of gas analysis. The 
thing to do, then, is not to attempt to improve Bunsen’s equations, 
but rather the conditions of the analysis. This can be satis¬ 
factorily accomplished by never allowing the carbon dioxide 
content of the final gas mixture to exceed 35 per cent. 

The water- The analysis of the gas taken from the space between the 
two cones showed that it made no difference where in this space 

ill the w^e took the sample from. The ratio (p. 118)— 

Bunsen 

X Cco 
OcO:i X Ch2 

therefore, does not change as the gases rise from the inner cone 
and cool several hundreds of degrees in temperature. This 
applies equally well to a flame from a mixture of air and 
illuminating gas as to one from a mixture of air, illuminating 
gas, and carbon dioxide, although the temperature of the latter 
is lower. Thus, samples taken in one case (a) from just at the 
base of the outer flame, and in another (b) from just above the 
tip of the bright green inner cone, gave the following values for 
these ratios:— 


3*54 

2*58 

2-74 

2*89 

2-92 

2*97 

2-54 

3*58 

2*68 

2*86 

2*77 

2*82 

3*12 

2-87 

1551 

1313 

1305 

1265 

1265 

1230 

1255 


The temperatures as thermoelectrically measured are ap¬ 
pended. 

On closer scrutiny of these numbers, it appears undeniable 
that those six experiments where the temperature was depressed 
by the presence of carbon dioxide yielded much smaller values 
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as the first one carried out in absence of CO 2 . They correspond 
in both cases to the values we found before (p. 143) for the 
water-gas equilibrium. It seems probable from this that in 
the combustion of the hydrocarbons in the inner cone of the 
Bunsen flame an equilibrium is attained which readjusts itself 
so slowly that the gases do not alter their composition as 
they rush through the cooling space. 

A further series of experiments was carried out in order to The limits 
decide whether or not equilibrium was really reached. Illu- 
niinating gas, and a mixture of illuminating gas and carbon equiU- 
dioxide were used. They showed that equilibrium wm reached. 

Allner supplemented and confirmed them with similar results attained 
for mixtures of methane, carbon monoxide, and hydrogen, of 
methane and hydrogen, and of benzene, carbon dioxide, and tained 
hydrogen. He further studied the possible limiting concentra- Bunsen 
tions. The result was a most characteristic one. There was flame, 
no accurate adjustment of the equilibrium in the relatively 
cold flames (below 1100°), which he got by burning mixtures 
of carbon dioxide and hydrogen, and of carbon monoxide and 
hydrogen. On the other hand, when the flames were very hot, 
as is the case with a mixture of benzene vapour and air (2000°), 
the gases changed their composition after they left the inner 
cone. It follows from this fact that below 1100° the interval 
of time during which the reaction can take place in the zone of 
the stationary explosion is insufficient. Above 1200° equilibrium 
is reached. The equilibrium is not perceptibly displaced during 
the period of cooling, if the temperature does not exceed 1500°. 

If the flame is hotter than this, the equilibrium is progressively 
displaced until the gas cools to 1500°, when the equilibrium 
'' freezes,’' to use our earlier expression. If, however, we increase 
the rapidity of the cooling by introducing a cooling tube, we 
should evidently get different results in the flame of 2000° 0. 
than when we allowed the gas to cool slowly. 

These results may be more readily understood from the Numericftl 
accompanying table. The temperatures in brackets were 
calculated from the heat of combustion and the specifi.c heats. 

The other temperatures were measured thermoelectrically. 

The calculated values of the equilibrium constant were taken 
from the fifth column in the table on p. 143. The values 
labelled ''found” represent mostly the mean values from 
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several experiments, or the values extrapolated from several 
experiments. 


^00 X Oh20 



Temperature, Cco2 X “uto 



degrees C. Found. 

Calculated. 


COg + II 2 . 

(890-1037) 0-2 

1 - 2 - 1-8 

Equilibrium is not 

CO + H,. 

990-1083 3-2 


reached. 

CeHs + CO 2 + . . 

1190 2-4 

2-5 ^ 


OA + CO 2 + H 2 . . 

1280 2-3 

2*9 


CH 4 + CO 2 + H 2 . . 

1246 2-6 

2*8 


CH,+ H 2 . 

c. 1400 3-1 

3*46 


llluminatinggas+ COa*. 

1255 2-6-2-8 

2*8 

Equilibrium is reached 


1265 2-9 

2*87 

. in the inner cone and 

if fi 11 

1305-1324 2 6-2-9 

31 

then “ freezes." 

f1 11 11 

1370 3-2-3-3 

3*3 


Illamiiiating gas . . . 

1386 3-6 

3*4 


if ft ... 

1500-1510 3-6-4-2 

3*9 


»> f> ... 

1625 4 

3-97 j 

f Equilibrium continues 
to readjust during 

Benzene. 

(c.2000) 5 

5*24 J 

the cooling, being 
overtaken between 
t 3-6 and 4 ' 0 . 


Atheo- is SO o^sy to apply our theoretical reasoning to 

dlsc^s^ion practice, as it was in the case of the nitric oxide equi- 
of the librium, because the process is much more complicated. Water- 
technM gas is technically prepared by blowing air and water-vapour 
water-gas alternately through a shaft of burning coal, 
manii- air-blast generates either carbon monoxide as the chief 

product when run according to Humphrey and Glasgow's 
method, or carbon dioxide when run according to the Dellwick- 
Fleischer method. In both processes the coal glows intensely. 
The steam blast generates water-gas, and as it uses up heat in 
the formation, cools off the coal. It is therefore customary 
to alternate the two currents at quite frequent intervals. The 
steam-blast is continued each time until a flame shows the 
characteristic appearance of a flame fed by a very poor gas. 

The usual According to the usual view, two processes are here taking 
place- 


(a) C + HaO = CO +H 2 Ki 
and (J) C + 2HaO = CO 2 + 2 H 2 Ku = 

= k = 

Kii ^co.Ah2 
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When both of these recactions run to equilibrium, it depends 
on the temperature whether we get a good or a bad gas for 
heatiDg and lighting purposes. Water-gas is j)Oor when it 
contains a great deal of carbon dioxide—that is, when reaction 
b) takes place to any considerable extent. Here our object is, 
not simply to get as near as possible to the equilibrium, as it 
was with the nitric oxide; but instead we wish to reach and fix 
the equilibrium at a particular temperature where reaction 
(b) does not take place markedly. How, it is to be borne in 
mind that these two reactions, (a) and (&), are connected by 
the relation— 

(c) C + COa ^ 2CO Kii = 

Cco, 

Boudouard^ has studied this third equation, and finds that Bou- 
the following mixtures were in equilibrium with coal (see 
Appendix, Ho. VIIL) :— mont. 


At degrees 0. . 

. 650 . 

. 800 . 

. 925 

Per cent. CO 2 . 

. 61 . 

7 . 

4 

Per cent. CO 

. 39 . 

. 98 . 

. 96 

CO 

CO, • • • • 

. 0 64 . 

. 13 . 

. 24 


These numbers refer to a total pressure of carbon monoxide and 

1 Oom^L Rend,m (1900), 132; Bull Soc, Chim,, 21 (1890), 712. See, 
too, Scheuck and Zimmermann, Berichte d, D. Chem, Qes,, 3G (1903), 1231 
and 36G3 ; also ZeiUckr,/ElektrochemiCy 9 (1903), G91; and rnially Bodeii- 
stein’s discussion given in the same place. It is of further importance, in con¬ 
nection with p. 255 of this lecture, that Boudouard found that even at 500® 
there was still 5 per cent. CO in equilibrium with 95 per cent. COg at one 
atmosphere pressure. Dixon {Journ. Chem. Soc.y 75 (1899), 630) has 
attacked the views propounded on p. 255, and has sought to discredit the 
experiment of Lang, which favoured these views. Dixon conducted carbon 
dioxide mixed with 8 per cent, oxygen over coal at 500®. If carbon 
monoxide were the piimary product of the combustion, there would neces¬ 
sarily be at least as much carbon monoxide in the issuing gas as corresponded 
to the equilibrium. Dixon found less than one per cent. CO. Experiment, 
therefore, speaks rather for than against the primary formation of carbon 
dioxide. Brereton Baker (FhiL Trans., 179 (1889), 571) has observed that 
coal will form carbon monoxide with extremely dry oxygen under conditions 
where carbon dioxide similarly dried has no action on coal. It is best-, 
however, not to be influenced by this consideration, for the extreme dryness 
entirely alters the relative reaction velocities, and introduces passive resist¬ 
ances which destroy the comparative value of the observations. 
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*if an actual f^as oven, it would be 
nt-if.-an t*j jiiacc tliii4 limit wmiowhat higher. It is plain 
till! limvc rtituit! |»;»rticu!ar t«m|rt!raturo, even in the technical 
,k 1 '»ij4iti>'ii muil, 111 * tuarhcd at which there is eq^uilibriuni 
h'.)}) the various and inttweeu the gases and the 

« ',il, the itn-'iHim! is nucessarily always very near the 

.'itiii'- phi-lie. (*011 sciim-ufly, according to our above conclusions, 
the «i-iih-iit of carhoii dioxtilii lanst sink at temperatures higher 
!mi(u ju tract*:! whic.h are no longer to bo detected 

by V'dnnicfric Jtnaly.'tis. 

I hi! cxjc-ricncc t!‘:ich«':! that water-gas technically prepared 
silway s c.ijiiaiiiM u'vcral jxTci-nts of carlion dioxide. We may 
! »k»* into iM’coimi fliu fact that the Usiiiperaturo in the water- 
ff I. ■oiik! liming tic* injection of steam, and that, consequently, 
the vi'di’Hfhon dioshh' may he found toward the end of this 
}n n* «i. For !he |iive*iif wc otiiHot give any more quantitative 

‘-'3<!-inat!oii. 

f'l n*i'.i|iit«lati*, then, reganliiig the water-gas equilibrium, 
Vo oiay !'.*>' ihnt i*i|nili!*riHm H qnife remlily attained between 
'!(*• g io-ii lit,, £'ll, and Hal), This equilibrium, however, 

< tdy h e- tc« !ini* :il jin|(oi{)Hice when the content of CO is high 
;»n4 ihiit of t'»»j itinmllnneoUHly low. The location of the 

• qoihliiimii between nml, carlioti dioxide, and carbon monoxide 

• lew- fhiii thi’i i-. theorefieally pf«iihie even Mow 800 °. But, 
pi t* to silly, the inerlit**‘iM of tin* coal prevents ns from obtain- 


:i0 Ihili.ry vahii i fur ihis ratio ,,,,, and consecfuently 


a l.i'iojiralde eoHipiHition of watcr-gns at temperatures Mow 


"O. The nm.til eoiifeitt of CO* which theory would 


pi. dstt in l!i»^ of this ci|wilihri»m alwve 1000** is always 
. %< ee4c4 to some in the t«*clinkal preparation of the 


The princij al lerfmicnl inico'st in the W(iter-/pi« is centred 
oji.iji the i|tie4ii.i»of jhi* heating fpmlittf's of the gas mixture. 
Do- .d.ji ei liJrucn for i« to {.nsltice a gas mixture whose 
to. I Xiiltjf .dial! rejire.icnt tlu* largest i«>ssihle fraction of the 
fit* I iaimt of I he con! eonsniiicd. ‘flie air-hlast which heats 
Ihe I. ml i« here of tlm iao4 ii»imrt«nw. it is prticukriy 
nojcirboil wl.i'lhci w»* <>hisi*ti* hi regulate thw blast so as to get 
» .rlx.ii louieo.jdiMtnil tlH-n uuiki* finiher use of this, or, instead. 
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to obtain dioxide, and allow this to escape into the atmosphere. 
Calculations concerning these points have been made on the 
basis of the simple laws of thermochemistry, and have been 
treated so extensively in the technical literature of the subject 
that they may be omitted here. 











APPEISTDIX TO LECTUEE V 


EecentXjY the dissociation of carbon dioxide has been determined Dissocia- 
more exactly by Xernst and von Wartenberg.^ Their apparatus con- 
sisted of a porcelain vessel in the form of a pipette, which was heated perlmcnts 
electrically in a platinum, tube. The bulb of the pipette was some 
7*5 cms. long and 2 cms. in diameter. The outlet tube was a capil- warten- 
lary of 0*5 mm. inside diameter. The inlet tube was 6 mm. in berg, 
inside diameter, and through it a thermoelement was inserted. 

Pure dry carbon dioxide heated to different temperatures was 
blown through the apparatus. The issuing gases were collected 
in a weighed apparatus filled with concentrated KOH and fitted 
with a narrow tube for collecting the few cubic centimetres of carbon 
monoxide and oxygen produced by the dissociation. Arrangements 
were also made so that a spark could be passed through the CO 2 before 
its entrance into the pipette ; by the action^ of the spark as much as 
4 per cent. CO 2 was decomposed. This being far in excess of the 
amount produced by the dissociation at the temperature to which the 
pipette was heated, formation of OO 2 instead of decomposition took 
place in the pipette. Thus the equilibrium could be approached 
from both sides. 

It was difficult to find the interval of temperature where the 
dissociation was high enough to allow reliable determinations of 
the percentage of CO and O 2 without recombination taking place 
in the outlet tube. The shifting of the equilibrium by this recom¬ 
bination was diminished as much as possible hy the high speed and 
rapid cooling of the gas in the narrow capillary tube; but only in 
the case when the OO 2 was quite dry were the experiments successful, 
water vapour accelerating the reaction to an extreme degree. More¬ 
over, the porcelain tube, which was glazed on the outside, after some 
time became porous. This was. shown by the fact that the CO 
and O 2 collected in the absorption apparatus did not stand in the 
theoretical ratio of 2 to 1. 

1 Oottinger NachricUm, 1905, Heft L, and Zdtschr f. 'pkysihal. Ohemie^ 

56 (1906), 548. 
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Notwithstanding these difficulties, experiments of sufficient exact¬ 
ness were made at 1127° 0. and 1205° 0., and a third value was derived 
from similar determinations of the water dissociation, using Hahn’s 
(see p. 130) data on the water-gas equilibrium. 

These figures are collected in the following table 


i^C. 

abs. 

.'K % found. 

X % calculated. 

1027 

1300 

0-00414 

0*00389 

1127 

1400 

0 -01-0-02 

0*0138 

1205 

1478 

0-029-0-035 

0*0324 


The values of x mean the percentage of CO^ which has dissociated 
under a pressure of one atmosphere. 

The ratio of this value x to the constant of dissociation is easily- 
deduced in the following way :— 

In the equation 


K, = 


Pco 



the first term of the quotient, which is independent of the units 
chosen, may therefore be replaced by the expression— 

1^0 - X 

X 


On the other hand, the dissociation of x per cent, of OO .2 increases 
the volume in the ratio of 100 + O'ox to 100. If the total pressure 
remains one atmosphere, the partial pressure of the oxygen becomes— 

_ O’bx 
100'+ 


therefore the complete expression for the equilibrium constant takes 
the following form ;— 

100 - X >/l 00 ""+~ 0 - 5 ^ 100 - .T , . „ .. 

K. = - 5 ■ ^ X - 0:70-7^*— = ^^100 + OT,. 

For temperatures below 1000° where x is less than unity this 
may be simplified to— 

■“ O'lOlx^ 

The values for x calculated by Nernst and v. Wartenberg are 
based upon the determinations of the specific heats by Holborn and 
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Austin. These heats, reckoned by Nernst and v. W^artouberg for one 
inol at constant volume between absolute zero and T, are for a 
permanent gas— 

= 4-G8 + 0-0002G8T 

and for CO 2 — 

== 5-106 + 0-OOB34T - 7*B5 X 

Therefore the heat of formation of one mol of OOy at constant 
volume has the value— 

Q,= 67,700 + T915T ~ 0*00204;P + 0*785 X .10™-T 

The heat of formation of the same quantity of 00^ at constant 
pressure therefore is— 

= 07,700 + 2-907T ~ 0*0021)4T=' + 0*735 X 10 “T 

Calculations based upon the specific heats as determined by 
Langen give approximately the same values, as can be seen from 
the following table :— 


absolute. 

X found. 1 

X calculated. 

1300 * 

0*00414 

0-00407 

1478 

0*029-0*035 

0-043 


The free energy formula in the latter case is— 

A = G7440 - 2-42mT + 0-0017T^ - 4-56Tlog,o —fi-ysT 

Pm 

This is the same formula as given in the text on page 169, only 
with a different value for the thermodynamically undetermined 
constant. 

Comparing the results of Nernst and v. Wartenberg with those 
of Deville, we notice that the temperature which corresponds 
to Deville’s results is nob 1300®, but 1400®. This is surprising, 
because at 1400® 0. the equilibrium changes very rapidly in the 
outlet tube, and Deville did not use any special device to hinder this 
change; thus his result is difficult to understand. 

The figures of Nernst and v. W^urtenberg have been confirmed Tang- 
by Langmuir/ who passed 00^ along a platinum wire 
electrically. The temperature of the wire was determined from its ^ 
resistance. The escaping gases were collected and analyzed by the 

^ Jour, Amer, Ohem. Soc,, 28 (1906), 1357. 
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same method as that employed by N'ernsb and v. Wartenberg. 
Experiments were made between 1050° and 1800° C., the values 
obtained being in close agreement with those of ISTernst and 
V. Warteiiberg. 

As these determinations of the equilibrium are restricted to a 
rather small interval of temperature, it is fortunate that a direct 
method has been found for determining the free energy of formation 
of CO 2 and O 2 in a reversible galvanic cell. It had already been 
shown by Warburg ^ that glass is an electrolyte at high temperatures, 
even when in the solid state. He found that a current may be pro¬ 
duced in a cell with sodium amalgam as anode, mercury as cathode, 
and glass as electrolyte, which transports the quantity of sodium 
through the glass corresponding to Faraday’s law. The author, in 
common with Moser,^ platinized the lower ends of ordinary test-tubes 
both inside and outside, and heated them to the boiling-point of 
sulphur or phosphorus pentasulphide, that is to say to 445° C. and 
518° 0. respectively. The outside surface was surrounded by air, 
whilst the inside was filled with mixtures of C02and GO, or of 0.2and 
N 2 . The platinum films on both sides of the glass were connected 
to a compensation apparatus by means of isolated platinum wires, 
so as to determine the values of the E.M.F. originated between them 
by the change of the nature or of the composition of the gases inside. 

The theory of the cell will become clear from the following con¬ 
sideration. According to Warburg, if a current is flowing through 
the glass, only sodium ions migrate, transporting the electricity 
from the positive to the negative pole. If there is no oxygen at 
the negative pole, these ions will be set free at the electrode ; 
in the presence of oxygen, sodium oxide will be formed to an extent 
of one equivalent for every 96,540 coulombs. At the other electrode 
the same quantity of electricity sets free one equivalent of SiOg from 
SiO/ ions ; if no oxidizable substance is present at this pole oxygen 
will be liberated, while in the presence of CO an equivalent amount 
of CO 2 will be formed, SiOg in both cases remaining in the glass. 
Hence it follows that the passage of 96,540 coulombs will use up one 
equivalent of O 2 at one pole, and produce one equivalent of CO 2 
from CO at the other pole, the glass becoming at the same time 
more alkaline on the oxygen side and more acid on the carbon 
monoxide side. 

^ See Warburg and Tegetmeier, Wied. Ann,, 32(1887), 447 ; 36 (1888), 
456; Schultze, Wied, Ann,, 36 (1889), 661; Tegetmeier, Wted. Ann., 41 
(1896), 18; and Roberts-Austen, Engineering, 69 (1895), 4A2. 

^ Zeitschr.f. Eledrochemie, 1905, 694. 
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This system is of a similar type to a cell composed of aa electrode Compari- 
of chlorine and one of silver covered with, silver chloride in a 
solution of HCl as electrolyte. It is well known that in this case the chlorine 
source of the energy may he attributed to the fact that the equilibrium o®!!* 
pressure of 01 gas over Ag and AgCl is different from the pressure of 
the gaseous Oh at the chlorine electrode. So this system may be 
looked upon as a concentration cell, by the operation of which the 
pressure of the chlorine falls from its value at the chlorine electrode 
to the value corresponding to the equilibrium 2Ay + 012^^2 Ay 01. 

In exactly the same way the element of Haber and Moser derives its 
potential from the difference in the pressure of the oxygen, present 
in a large amount at one electrode, but at the other only in the 
imperceptible traces which satisfy its equilibrium with 00 and CO 2 
according to the equation— 



The fact that Haber and Moser did not measure the E.M. F. of the 
cell directly, but instead measured alternately the values for one 
and for the other electrode against the same air electrode, does not 
alter this consideration. There is, however, a distinction between the 
case of the chlorine element which we have instanced and that of the 
glass element. In the case of the chlorine element the dissociation 
pressure of chlorine over the two-phased system of Ag and AgOl is 
invariable at a given temperature, while in the case of the glass 
element it depends on the composition of the gaseous mixture 
according to the above equation. It may be further noted that when 
a current is flowing through the chlorine cell an increase of acidity 
takes place at one pole and a decrease at the other, just as in the 
case of the glass cell, diffusion in both cases tending to counteract 
this effect. If measurements are made by means of the compensation 
method, this change of concentration becomes zero in both cases, 
because no current is taken from the cell. 

The proof that the glass element really derives its e.m.f. from 
the reversible reaction— 


00 + 102:^002 

is shown by the fact that on one hand different mixtures of Oa and Kesults 
Na, and on the other hand different mixtures of 00 and OO 2 , give 
differences in e.m.f. against the standard air electrode, as required 
by the formulse— 
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Emich’s 
determi¬ 
nation of 
the dura¬ 
tion of 
outflow. 


Summary 
of the 
results on 
OO 2 disso¬ 
ciation. 


he finds that the amount of dust produced for the same temperature, 
in an atmosphere of CO 2 is the same as that produced in an atmo¬ 
sphere consisting of 4-9 per cent. O 2 and 95*1 per cent JSTq. From 
these results he concludes that for this temperature and under a 
pressure of one atmosphere carbon dioxide is dissociated to such an 
extent that 4*9 per cent, oxygen is present in the gas. At 1970° he 
finds that probably 2*2 per cent, oxygen is produced from the CO 2 
at one atmosphere pressure. 

At 1500° the dissociation as found by the same method is very 
small, its numerical value being somewhere about 0*1 per cent. 
Calculation of the percentage of dissociation at the other two 
temperatures gives for 1970° 4*5 per cent., and for 2150° 10 to 11 
per cent. 

The temperatures in these experiments were measured photo¬ 
metrically, according to Holhorn and Kuiibaum’s method described 
in the last lecture of this book. 

It may be mentioned that these results which Emich obtained are 
not in agreement with those he found by another method.^ He tried 
to find the decrease in apparent density produced by the dissociation 
of CO 2 at high temperature, according to the well-known method of 
Bmisen. The time which same volumes of different gases take to pass 
through a narrow opening is proportional to the square root of the 
densities of the gases. Emich determined the ratio of the duration 
of flow through an iridium orifice for 00^ and Wa at ordinary 
temperatures and at 2000°. He did not find any, or, at the most, 
no appreciable change in the ratio. Discussing former paper's on this 
subject, he emphasizes the fact that a dissociation amounting to 6 
per cent, would be entirely inconsistent with his results. It is un¬ 
doubtedly difficult to make this resulfc accord with his latkT work on 
formation of dust, bufc it seems probable that the determination of 
the duration of outflow is less able to give certain values at so high 
a temperature, because of the rapid deterioration of the orifice. 

Owing to the uncertainty which still exists iu the specific heats 
of the gases, it is difficult to give an exact expression for the 
reaction energy of CO and 0^ forming CO.j. However, marked 
progress has been made, and the following figures, which Nernst and 
Wartenberg propose for the percentage of dissociation at different 
temperatures and pressures, may be probably regarded as a sufficient 
basis for further theoretical reasoning, though we cannot overlook 
the fact that the expression given by Holborn and Austin for the 
specific heat of OO 2 is used in this calculation for temperatures up 

^ Monatshefle fur Cliemie, 26 (1905), 505. 





APPENDIX TO LECTURE V 


323 


to 2600’^ abs. This expression, derived from experiments at much 
lower temperatures, contains a negative term wibh T^, which makes 
the value for the specific heat of CO 2 undoubtedly too small at high 
temperatures. 


T r = 10 atm. 1'= 1 atm. 1’= O'l atm. l’ = 0-01 atm. 

1000 7-31 X 10-« 1-58 X 10-= 3-10 x 10-= 7-31 x 10-« 

1500 1-88 X 10-2 4-OG x 10-2 3.72 x 10-2 0-188 

2000 0-818 1-77 3-73 7-88 

2500 7-08 15-8 30-7 53-0 

Surely it is of interest to sec how nearly bhese figures are in Oompari- 
agreement with those given in the Fifth Lecture derived by help 
of Le Chateher’s assumptions, before any of the experiments which figurL. 
are recorded in this appendix were published. 

According to the table on, p. 171, the percentage of dissociation 
at one atmosphere amounts at— 

{a) 1800° C. to 0*1 per cent. 

(b) 1500° C. to 0*4 

(c) 2000° 0. to 5-5 

Nernst and Warbenborg calculate from their results the following 
values:— 

(a) 1323° C. to 0*104 per cent. 

(1423° 0. to 0*242 
W |l523°C. to 0*507 
11923° 0. to 4*88 
W 12023° 0. to 7-55 

The fact that Le Chatelier’s own calculations gave the different 
results which are mentioned on p. 172, is explained by the accidental 
error that the partial pressures in his calculations referred to 
the formation of 2 CO 2 from 200, whilst the heat of formation of 
CO 2 was used in the numerical treatment. 

Eeviewing our knowledge of the formation of COg from 00 and 
O 2 , the uncertainty seems limited to the highest temperatures 
attainable by combination of 00 and Og. Indeed, Le Ohatelier’s 
assumption of 3000° 0. for Deville's flame is a very uncertain one, 
though, as we have seen above, it has proved a useful starting- 
point to derive correct dissociation values for temperatures below 
2000° 0. 
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Glass and 

porcelain 

cells. 


Dissocia- Still greater progress has been made in the case of the following 
kon of reaction 

Beginning with determinations at comparatively low tempera¬ 
tures, oxygen-hydrogen cells may first be mentioned, which the 
author has studied in common with Fleischman ^ and Foster,^ 
using hot glass and porcelain as electrolytes. 

Most of the glass cells were made in the following way: Two 
ordinary glass tubes 10 mm. in diameter and closed at one end were 
fused together by help of the blowpipe by their closed ends to form 
a straight tube of double the length. The bottom of the tubes 
formed a glass partition in the middle. This was platinized or gilded 
on each side, and brushes of either platinum or gold wires were 
inserted from the open ends so that the points of the brushes touched 
the partition, the other ends of the brushes being connected to a 
compensation apparatus with which the e.m.f., set up between the 
two sides of the partition by the introduction of dilGPerent gas 
mixtures from each end, could be measured. Porcelain cells were 
made by the help of a straight porcelain tube, the middle part of 
which was platinized or gilded inside and outside for a length of 
10 cms. These films were connected to a compensation apparatus 
by wires of the same metal, different gas mixtures acting on the 
inside and outside setting up an e.m.f. Another form of the 
porcelain cell was made by the help of a porcelain tube closed at one 
end, and platinized or gilded inside and outside at the bottom. In 
all cases the heating was done electrically, and the temperature 
was measured by the platinum platinum-rhodium thermoelement. 
For details as to arrangement the reader is referred to the original 
papers. For temperatures between 330"^ and 580° glass cells were 
used, and between 800° and 1100° porcelain ones. 

The theory of the cell is the same as that given for the CO-COo 
cell, except in one particular. Water-vapour acts upon the glass and 
porcelain glaze, while the 00^ was inert. The electrochemical changes 
at the electrodes would correspond in the simplest case to the 
equations— 

(A) i02 4-Si02 + 2^^Si0/ 


Influence 
of water- 
vapour 
discussed 
theoreti¬ 
cally. 


(B) 


Hj + SiOa":^SiO,4-H2O + 20 


From these equations it follows that a change in the pressure of 


' Ztittchr.f. anorg. Ghem., 51 (1906), 245. 
2 Ibid., 51 (1906), 289. 
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the oxjgen would iuflueiice the oxygen electrode according to the 
formula— 

X 2F = 


On the other hand, the ratio of Il^to H^O at tlie second electrode, 
changing from ^ to would produce a change in the e.m.f. 


equal to 


Bn X 2F = 


Ph,o 


P'yh 


However, experiments show that these simple assumptions arc 
incorrect, and must be replaced by 


(A) iO, + SiO^irH^O + 20 -^ SiO/ + 

(B) il, + SiO;'^ SiO,.^dI,0 + (1 - i^^)Tr,0 + 29 

The corresponding formuloe for these changes then assume the 
form— 


B'x X 2F = RTlJ-l - 

/o* Pn./> 

E'„ X 2F = + RlV«f 


P X Pn 0 


Pn/> 


Loohing at these expressions, we see that the second terms on the 
right-hand side of both equations vanish when the water-vapour 
does not change in partial pressure ; that is, when/ngo is the same as 
Pe.j)- Using on both sides of the cell gas mixtures which have the 
same partial pressure of water-vapour, no influence of these terms is 
to be expected theoretically, or is it found experimentally. The figures 
given later on will show that the agreement between theory and 
experiment with equal pressure of water-vapour on both electrodes is 
a close one. If the pressure of the water-vapour was different at 
both electrodes, qualitative agreement between theory and experiment 
was still found, experimental difficulties being in the way of quanti¬ 
tative proof of the theory, that is to say of an exact determination of 
the exponent x. 

Before giving the detailed figures, the theoretical deductions of The 
the e.m.f. of the cell from the energy of reaction may be discussed, in thTfmilL 
order to make clear to what extent uncertainty still exists about the tion of 
theoretical values, and how far the electrical measurements agree 
with conclusions drawn from other sources. elements. 
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Using the same water-gas equation as on p. 175, and the equa¬ 
tion for the formation of CO 2 given on p. 169, hut with the value 
--5*95 for the thermo-dynamically undetermined constant justified 
hy the above-quoted experiments of Nernst and v. Wartenberg, 
the energy of the reaction— 

H 2 + O^H^O 

becomes— 

A = r>7,790 - 0-87TZ«T - 0-00025T2 - 4-5GT ]o^- 5-95T 

The values of the e.m.f. of the oxygen-hydrogen cell derived 
from this formula are given as Ei in the following table. The 
values E. are founded on the determinations of the equilibrium in 
the formation of water-vapour from the elements as described later 
on, which, by the help of the specific heats of Langen, allow the 
formulation of the reaction energy as— 

A = 57,0G6 - 2-974TM 4- 0-00125^+ 7-GT - 4-6GT logi„- , 

X Po\ 

The values Egare calculated from Nernt’s new theory as developed in 
the Appendix to Lecture IIL, the expression for the reaction energy 
according to this theory being— 

A'" = 57,300 - 1-75T?/).T - 0-0008T' + 0-457T - 4-5GT log,, 
In the numerical calculations of Ej, E 2 , E;j, the term— 

is taken as unity, and therefore the term 4*5GT log^o—equal 

X 

to zero. In ordinary experimental cases this term will have a con¬ 
siderable influence, which may be easily found out by help of the 

figures in the last column, giving the equivalent of in volts. 

Multiplying this equivalent by the Briggs’ logarithm of the ratio 

calculated according to the given experimental data, we 

i'Hg 

find the figure which, subtracted from the values of Ei, Eg, or Eg, 
produces the theoretical e.m.f. of the cell under the required 
conditions. 
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Temperature. 

E.m.f. of the cell in volts. 

4-56T. 

volts* 

oc. 

^ absolute. 

El ! 

E 2 

E 3 

25 

298 

1-180 

1-177 

1*178 

0-029 

327 

GOO 

1-099 

1-096 

1-098 

0 059 

427 

700 

1-073 

1-068 

1-070 

0-069 

527 " 

800 

1-043 

1-039 

1-040 

0-079 

G27 

900 

1-015 

1-010 

1-012 

0*089 

727 

1000 

0-986 

0-981 

0-981 

0-099 

827 

1100 

0-957 

0-953 

0-951 

0-108 

927 

1200 

0-928 

0-924 

0-920 

0-118 

1027 

1300 

0-898 

0-895 

0-889 

0*128 

1127 

1400 

0-869 

0-865 

i 

0-857 

0-138 


It may be pointed out that, as the ratio - , is in most cases 

PVL^ X 

a fraction, its Briggerian logarithm is therefore negative, and hence, 
as this value must be subtracted, it means an increase in the values of 
El, E 2 , or B;j. Thus, in the case of the ordinary oxygen-hydrogen 
cell at 25° C.— 

JP 02 = 0*969 atmosphere 
= 0*969 
— 0*031 „ 

therefore— 

= 0-0325 
X 

further— 


0*029 X log 0*0325 = -0*0437 


subtraction of this from Ej, E 2 , or Eg gives— 

El Ejj E 3 E found 

1*224 1*221 1*222 1*14 


The result shows the same difference of 80 milli volts as pointed E.m.f. of 
out in the text of Lecture V., on the basis of Le Chatelier’s old 
assumptions. This agreement proves that the determinations made 
since the publication of the German edition of this book, though 
they have greatly increased our knowledge on the subject, did not 
change the general aspect of the case derived from the few earlier 
figures. In connection with this it may be mentioned that Nernst 
and V. Wartenberg ^ deduced, in a paper published at the same time 

^ Oottinger NachrichUn (1905), Heft 1 , 
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Values 
found with 
glass and 
porcelain 
cells. 


as tlie G-erman edition of this book, almost the same, theoretical 
value of 1*280 volts for the oxygen-hydrogen cell at 25° 0. The 
agreement becomes still better with a second calculation of Ncrnst 
and V. Wartenberg,^ which gives 1*225 volts for this e.mi. 

Returning now to the practical work on the glass and porcelain 
cells, the following experimental figures may be quoted 


(A) liYDTlOQEN CONCENTIlATrON CcLLS. 


Temp. 

OC. 

P'h2 

E.m.f. (volt). 

Electrodes. 

Electrolyte. 

Found. 

Calc. 

470 

22B5 

0-093 

0-099 

Ft 

Glass 

472 

24-12 

0-099 

0-101 

All 


560 

47-65 

0-138 

0-138 

Ft 


572 

24-12 

0-116 

0-115 

All 


860 

11-04 

0-111 

0-116 

Ft 

Porcelain 

860 

11-77 

0-123 

0119 

An 


1000 

11-04 

0-134 

0-130 

Ft 

?? 

1105 i 

8-77 

0-122 

0-127 

Ft 



(B) Oxygen Concentration Cells. 


Temp. 

oc. 

1^02 

E.m.f. (volt). 

Electrodes. 

Electrolyte. 

Found. 

Calc. 

460 

51-9 

0-059 

0*062 

Pt 

Glass 

475 

51-9 

0-068 

0-063 

Au 


560 

49-5 

O-OC!) 

0-069 

Pt 

55 

572 

51-9 

0-076 

0-072 

Au 

Porcelain 

860 

71-5 

0-101 

0-103 

Pt 

860 

51-0 

0-090 

0-094 

All 


1000 

38-7 

0-100 

0-099 

Pt 

1 

?? 


Zeitschr, f.]^liy8ihal, Chemie, 56 (1906), 545. 
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(0) Oxygbi^-Hydeogen Cells. 

(The figures given under e.m.f. calc, are the limits derived from the 
tliree different expressions for the reaction energy given before.) 



I 

PlhO 

E.m.f. (voli). 



Tnmn. 



Electrodes. 

Electrolyte. 

QQ. 

Piu X pL 


Calc. 



Found. 



4C0-470 

0-0282 

l-'lfU 

/M 68 I 
. 11*174/ 

Pt. 

Glass 

473-480 

0-0282 

1*165 

/1*167\ 

11*173/ 

An 

3? 

560 

0*0274 

1*143 

a-i62\ 

tM57/ 

Pt 


570-580 

0-0321 

1*151 

/I *1511 
tl*15G/ 

An 

1 J 

860 

0-0387 

1-087 

! /1*098\ 
i IMOl/ 

Pfc 

Porcelain 

860 

0*0418 

1-097 

/1*105\ 

11 * 111 / 

All 

3> 

1000 

0*0345 

1*052 

/1*080\ 

U-089/ 

Pt 

jj 


The oxygen-hydrogen cell has been studied further by W. H. Patter- 
Patterson.^ He continued the work done by Haber and Brunner (see 
p. 178), and found that iron inserted in molten alkali acted for oxygen- 
some time as a hydrogen electrode, while platinum, like other metals, hydrogen 
acted as an oxygen electrode. He found the following values for 
the e.m.f. of such cells at different temperatures, with sodium 
hydroxide as electrolyte :— 


Temp. ° C. .. 

. 348° 

382° 

420° 

0 

oc 

0 

510° 

575° 

E.m.f. found .. 

. 1*20 

1*19 

1T7 

1*16 

1*13 

1*10 

E.m.f. calc. 

. 1*16 

M5 

M4 

1*14 

1*13 

1*12 


The theory of this cell and the basis of the calculation may be 
seen in the text of Lecture V. (p. 175). Following a later publica- 
of Brunner and the author,^ Patterson uses for numerical calculation 
the equation given in this Appendix on p. 32G. 

Whilst this work of Patterson is perhaps more supported by the Lewis’s 
theory than rm vpmX Lewis ^ has proved conclusively, in an inde- 
pendent way, that the theoretical evaluation of the e.m.f. of the oxygen- 
oxygen-hydrogen cell for ordinary temperature is correct, and 

1 Phil. Mag. (1907), January. 

2 Haber and Brunner, ZdUchr.f. Electrochem. 79. 

2 Z&itBchr.f.fhysik. Ghemie,65 (1906), 465. 
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N'ernst 
and T- 
Warten- 
berg’s ex¬ 
periments 


Grove’s cell does not possess the e.ini. corresponding to the 
reversible formation of oxygen from its elements. Lewis succeeded 
in provirig that the equilibrium pressure of O 2 , corresponding to the 
reaction— 

2Ag20 ^ 4Ag + O 2 

is equal to 5*0 x atmospheres at 25°. i^ow, according to 
Bdttcherd the concentration of Ag* and OH' ions in a saturated 
solution of Ag/) at 25° 0. is 1*4 x 10 ™^ normal. From the data 
of Lewis upon the dissociation pressure of AggO, it immediately 
follows that the e.m.f. of a cell— 

AgAg.O j Saturated solution of AgaO i O 2 (1 atmosphere) 
must be e([ual to— 

1 ,] log,,, 5 = +0-049 volt 

On the other hand, from Bhttclier’s determination it follows that a 
combination, Ag i Agll* (Vi norm.) —OH' (Vi norm.) \ 0^ (1 atm.) 
would have an e.m.f. of —0*405 volt if such a system could be 
made. Now, Lewis, determining carefully the value of Ag 1 Ag* 
(7i norm.), finds it equal to —0*515 volt, the so-called normal 
electrode (Hg i HgOlKCd Vi nonn.) being taken as zero. 

Thus O 2 (1 atm.) \ OH' (7i norm.) = — 0*110 volt, the normal 
electrode being taken as zero as before. By the help of the well- 
known value of Kohlrausch and Heydweiller for the dissociation 
of water at 25° (1*07 x 10 "^ equivalents of H* and OH' being in 
piire water at this temperature), we find the e.m.f. of O 2 (1 atm.) 
i OH' (7i norm.) — H* (‘/i norm.) i 0. (1 atm.) equal to + 0*824 
volt, and therefore— 

O 2 i H* 7i norm. = 0*934 volt. 

Taking into account that the potential Hg j H* (7i norm.) is 
known to be 4- 0*283 volt, the normal electrode being taken as 
zero, we finally hnd 1*217 volts for the e.m.f. of the combination 
O 2 (1 atm) ! H 2 O — H 2 O \ Hg (1 atm.), which value, according to 
Lewis, can hardly be wrong by more than 0*01 volt. It differs, 
indeed, from the values for Ei, Eg, B 3 , given on p. 827, by not more 
than 0*004 to 0*007 volt. 

Cells of glass and porcelain tell us the reaction energy of 
oxygen and hydrogen up to 1000 °, while dissociation measurements 

^ Bottcher, Zdtschr.f, fhyBih, Ohemie, 46 (1903). 521. 
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made by Fernst and v. Wartenberg ^ are at our disposal for on water- 
temperatures between 1124° and 1084*^. Nernst and v. Wartenber^ vapour 
used the same apparatus for the determination of the decomposition tion. 
of water-vapour as in the parallel investigations on the dissociation 
of CO 2 . The water-vapour introduced into the heated pipette came 
from a boiling flask of 250 c.c. capacity, containing water with a 
little alkali. The boiling flask was fitted with two platinum wires 
dipping into the liquid. A current of electricity of known strength 
passing through the water developed a definite quantity of oxy- 
hydrogen gases, which was passed along with the steam through the 
pipette, and there either increased or decreased their percentage 
according to the temperature. Equilibrium was thus approached from 
both sides. The steam coming from the apparatus was condensed over 
mercury, and the volume of the hydrogen-oxygen mixture, as well as 
that of the water, measured. Some corrections were found necessary, 
since the gases collected did not show the ratio 2 :1 for 2H2 : O2, hut 
contained an excess of ITa, probably due to some action of the steam 
on the walls of the pipette. The equilibrium was reached from both 
sides; at temperatures below 1207° no shifting took place in the 
outlet tube, whilst at 1288° such a shifting could not be avoided. 

The amount of dissociation of water-vapour has been determined Experi- 
for higher temperatures first by Lowenstein ^ and later on by War- 
tenberg Qxl) according to an ingenious scheme devised by Nernst. gtein on 
Lowenstein used a cylindrical platinum bulb, 8 cms. in length and^^*®^’ 

1*2 eras, in diameter, fitted with a capillary tube of the same metal somtion.^ 
12 cms. long and of 0*5 mm. bore. This apparatus was connected 
through a drying tube with a manometer, arrangements being made 
such that after complete evacuation of the whole apparatus one limb 
of the manometer remained in connection with the bulb, the other with 
the pump, thus maintaining a vacuum over this limb. The bulb was 
enclosed in a tube heated electrically. Steam was passed through this 
tube, and the temptoture measured with a thermo-couple in contact 
with the wall of the bulb. Hydrogen produced by the dissocia¬ 
tion of the water-vapour diffused rapidly through the platinum walls 
and produced a difference in pressure between the two limbs of the 
manometer. The pressure of the hydrogen so measured is equal to 
its dissociation pressure in the steam. A slight complication arose 
from the fact that the hydrogen which diffused through the walls of 
the heating tube left an excess of oxygen in the steam, and thereby 

1 Gbttingcr NacJirichten, 1905, Heft 1; Ztitsclir. f. phyzih. CJiemie, 56 
(1906), 513 and 634. 

^ Zeitschr.f.physih. Chemie^ 54(1906), 716. 
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Experi¬ 
ments of 
Langmuir 
and Holt. 


Summary 
of data on 
water- 
vapour dis¬ 
sociation. 


diminished the dissociation. Making allowances for this, the 
following figures were found :— 

oQ. 1432° 1510° 1590° 1G95° 

Dissociation % ... 0-102 0*182 0*354 0*518 

V. Wartcnberg applied the same method at higher temperatures, 
iisiug an iridium hulb and au iridium furnace. He first tested the 
permeability of the iridium bulb at 2000 ° against Oa and Ng, and found 
it almost zero. The experiments were carried out in the following 
manner: the iridium bulb was evacuated by help of the mercury 
pump ; the manometer, arranged differently than in the experiments 
of Lowenstein, was read, and the temperature of the bottom of 
the bulb determined photometrically. Then steam was blown 
through the furnace for five minutes, the pressure in the mano¬ 
meter becoming steady within this period. Air instead of steam 
Avas now blown tlirough, and the pressure to which the manometer 
returned determined. The following figures were derived from 


these experiments:— 

io 0. 

— .. —^ „ 

X % of dissociation. 

1882 

1*18 

1984 

1-77 


It still remains to mention experiments of Langmuir carried out 
in the same manner with water-vapour as with carbon dioxide (see 
p. 317). The results of these experiments are in agreement with those 
of Nernst and v. Warteiiberg. 

Different results for high tem])eratures have been found by llolt,^ 
who passed a current of steam, like Langmuir, along a platinum wire 
heated to temperatures from 950° up to 1760°. His figures do 
not differ much from those of Nernst and v. Wartenberg and from 
those of Langmuir for low temperatures, but fall much below 
them at higher temperatures. 

In conclusion of this part we quote the following table, calculated 
by Nernst and v. Wartenberg from the experimental work of 
Nernst and his co-workers. 


T. ! 

1 

P = 10 tttms. 

I I* = 1 atm. 

P = 0-1 atm. 

P = O'Ol utrn. 

1000 

1*39 X 10™^> 

3-00 X 10-^> 

6*4G X 10™^> 

1*39 X 10-4 

1500 

1*03 X 10-2 

2*21 X 10-2 

4*7G X 10-2 

0*103 

2000 , 

0*273 

0*588 

1*2G 

2-70 

2500 

1*98 

3*98 

8*1G 

1G*G 


1 P/hI Mag., ;907, 630. 
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200 c.c. capacity, half filled with pieces of pumice-stone about the 
size of a pea. This pumice-stone had been saturated with copper 
chloride and dried in a current of hydrochloric acid gas. The 
cylinder was heated in a fused mixture of sodium and potassium 
nitrates. The HCl and O 2 mixture, kept over concentrated sulphuric 
acid, was passed into the cylinder, and after remaining there a suit¬ 
able time, was withdrawn through a drying tube containing glass beads 
wet with IL 2 SO 4 into a pipette, from which samples of the gases could 
be taken out for analysis. The process was an intermittent one, 
samples of the mixture always remaining half an hour in the reaction 
cylinder before being withdrawn. The cylinder was repeatedly filled 
and exhausted before the real experiments were performed, so as to 
establish constant conditions in the cylinder and drying tube. The 
composition of the final gas mixture was analyzed by absorbing the 
HCl and Cl^ with an aqueous solution of potassium iodide and 
measuring directly the volume of the oxygen. The solution Avas then 
titrated first with thiosulphate and afterwards with potassium hydi'ate, 
using phenolphthalein as indicator. The procedure was later on 
simplified, as it was found that the amount of O 2 could be calculated 
wdth sufficient accuracy from the composition of the original gas 
mixture ; thus only the ratio of HOI and CI 2 in the final mixture had 
to be determined. The following values for 


K 




were found 


pHCl X i4 



C. 

. 352 

352 

386 

38G 

419 

K found 

. 4-15 

3-95 

2-94 

3-01 

2*40 

K calculated .. 

. 4-02 

4-02 

3*02 

3-02 

2-35 


Lewis obtained these calculated values on the assumption that 
the change in lieat capacity at constant pressure during the re¬ 
action is zero ; the heat of reaction being therefore independent of 
the temperature under the experimental conditions. Taking this heat 
of reaction as 

HCl + iOa = PLO + + 6000 calories 

Lewis deduces the expression ^— 

log„ K = - 1-811 


^ This formula is of the same type as the formula of Bodlander— 


logio K = 


1484-7 


T 


The difference in the results, however is a marked one, the value 2*35 
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The values for K calc, given above are derived from this 
formula. Lewis quotes experiments of Lowenstein in favour of his 
formula made according to the method as before described (seep. 331). 

They indicated that at 1537'’ liCl is 0*274 per cent, dissociated. 

Taking into account the values for the dissociation of water found 
by the same author, Lewis derives the constant K = 0*133 for the 
temperature 1537°, while his equation given above gives K = 0*106 
for the same temperature. Surely Lewis is right in saying that this 
is a very surprising agreement considering that this value is obtained 
by exterpolatiiig through more than 1000°. On the other hand, 
calculating from his expression for the equilibrium in the Deacon 
process the value of K for 25°, and combining this with Dolezaleek’s 
results (see Lecture IV.), he finds the value 1*207 volts for the 
e.m.f. of the oxygen-hydrogen cell at 25° C. That is to say, only 
one ccntivolt less than the value obtained by his other method 
described before. 

Vogel V. Talkenstein has determined the equilibrium in the Vogel v. 
Deacon process from both sides at temperatures of 450°, 600°, and 
650°. His catalyst at the lowest temperature was cupric chloride, and periments. 
platinum chloride at the higher ones, both catalysts being finely 
divided on asbestos. The oxygen-hydrochloric acid gas mixture was 
made by passing electrolytic oxygen through hydrochloric acid of 
known strength and at a known temperature, and drying the resulting 
gas mixture with concentrated sulphuric acid. The chlorine-water 
vapour mixture was prepared by passing electrolytic chlorine through 
water at a known temperature. In both cases the gases passed without 
interruption through the reaction chamber, which was heated 
electrically to the desired temperature. 

In these experiments the time of reaction was shorter than in 
those of Lewis’s, and in consequence equilibrium was only reached 
at temperatures higher than 430°. The following table of values is 
computed for— 

K 

from the results of v. Falkenstein, the experiments starting with O 2 
and HCl being given under ‘‘ direct process,” and those from Cb and 
HgO being under “reverse process;”— 

corresponding, according to Lewis’s calculation, to 419°, while according to 
Bodlander’s formula it should correspond to 256°. The source of the 
difference lies in the fact that Bodlander, who was convinced of the agreement 
of the e.m.f. of Grove’s cell with the theoretical value for the oxy-hydrogen 
cell, formed his expression to coincide with this assumption. 
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Eesults 
and calcu¬ 
lations. 


K. 



Direct process. 

_ ___ 

1 

i Ueverse process. 

400° 

2-31 

2-22 

[600 

0-98 

1-04 

650 

1 

0-804 

0-789 


Mean value. 


2.2G 
I *02] 
0-794 


The values for G00° are in brackets, as only a few experiments were 
made at this temperature. 

The agreement of Vogel v. Falkenstein’s results with Lewis’s is 
by no means good, the constant 2*40 corresponding, according 
to the former, to 442^, while Lewis found it at 419°. 

For the theoretical disenssion Vogel v. Falkensteiii uses first the 
expression-— 

1 117*5 

log K = .' - 0*4375 log,, T -- 0*0()00325T - 0*35 

which corresponds to Nernst’s theory as developed in the Appendix 
to Lecture III. As this equation does not express Lewis’s results, 
he derives the following formula:— 

11Q7-5 

log K = —qr-- - 0*534 log T - 2*1425 X + 1*7075 

X 10“^'’ + 0-074 

on the basis of the specific heats of Holborn and Henning. The 
calculations made according to the above formula are compared with 
the experimental facts in the following table. Tn the last column 
are added values derived from the formula given by the author in 
the text of the Fifth Lecture. It is interesting to note how nearly 
the old formula agrees with the new experiments. 





K calc. 

K calc. 

Degrees C. 

K found. 

Experimenter. 

(Falken- 
i stem). 

according to 
p. 185. 

352 

4 02 

Lewis 

4-70 

4-57 

380 

3-02 


3-53 

3*40 

419 

2-35 

V 

2-76 

2-62 

430 

2-5 

Lunge and Marmier 

2-53 

2*42 

450 

2-26 

V. Falkenstein 

2-22 

2-10 

480 

20 

Lunge and Marmier 

1-35 

1-73 

600 

1-02 

V. Falkenstein 

0*99 

0-90 

650 

0-794 


0-800 

0-728 
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Furthermore, we can derive from our old formula the equilibrium 
constant for 1537°, and we find— 

= 0*123 

while, as Lewis pointed out, the experiments of Loweiistein show that 
the value at this temperature is— 

= 0*133 

Thus the agreement for both high and low temperatures is 
astonishing, strongly supporting our statement that the great 
increase in experimental data rather confirms than changes our views 
on the location of these gaseous equilibria. 

It may be mentioned, in addition to this discussion of the Expcri- 
Deacon process, that Levi and Battoni^ investigated the alleged 
chemical changes of the cupric chloride acting as catalyst in the Battoni. 
reaction, but were unable to find either cuprous chloride or cupric 
oxychloride. They state that the affinity for water is the reason for 
the catalyst’s activity. 


Gaz, Chim. Ital., 35, i. 320. 
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difference in the catalytic effect of porcelain and platinum discussed 
in the Seventh Lecture, and its reference to differences in the velocity 
of the chemical change, are thus fully confirmed. 


II. When the location of an equilibrium is known, measure¬ 
ments of the rate of formation or of decomposition may serve to 
determine the order of the reaction involved. H. v. Wartenberg ^ 
succeeded in demonstrating in this way that the formations of water 
from the elements at 1100® and of carbon dioxide from carbon 
monoxide and 0^ at 1200® to 1.300® are dimolecular reactions. But 
it should here be noted that kinetic equations in their simple form 
only apply to reactions at constant volume. If the number of 
molecules changes during the reaction at constant pressure, as it 
does in the formation of water or of carbon dioxide in a stream of 
gas, then, as Wegscheider ^ has shown, we must calculate somewhat 
differently. 

In a given quantity of an oxyhydrogen mixture the amount 
changed di^ in the time cU is given by the equation— 


d'jo 

where ^ signifies the amount changed per unit of volume, and Y 
the volume of the oxyhydrogen mixture. We also may write— 


dfi ^ dx 
dt ““ dt 


If now (Ml — 2/x) is the amount of unchanged hydrogen still present 
at the time t, and (M^ — the corresponding amount of oxygen, 
then— 

dx ___ ^/ Mi — 

"dt \ Y / \ Y / 

dll — 2fiy(M.2 — fi) 

a„d^ =- 

But the volume V« is known from the known initial volume and 
the change of volume during the reaction. The former is, where 
Ml and are reckoned in gram-molecules— 

1 Zeitschr.f. Physik. Cliem.<, 56 (1906), 513. 

^ lUd., 35 (1900), 578. 
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The latter equals-/x,' since when a gram-molecule of oxygen 

(n = 1) is used up, the volume of the gas mixture decreases by one 
molecular volume. We obtain then, for constant pressure, including 
1 ^2X2 

—in the constant— 

dfx ^ -- 2/x)^(M 2 - /x) 

dt C^i “h ^2 ““ 

If Ml and Mq are equivalent, Mj = 2 M 2 , and if we express the 
amount changed in fractions of the initial amount present ^ ^ 
we obtain— 

(dJ\ __ F(1 -- xy 
\dt)p (3 — xy 

while the corresponding kinetic equation for constant volume was— 

Cl).- *"'(> - 

It is important, however, to keep in mind that in the derivation of 
both formulae it has been assumed that the reaction takes place in a 
homogeneous system. Consequently, as soon as a gas reaction takes 
place on a catalytic surface neither formula is entirely rigorous. 

III. Eecent investigations have shown that among those gases 
which are stable at high temperatures, but which exhibit a tendency 
to decompose as they cool off, nitric oxide is unique in the slowness 
with which it decomposes. Thus Clement^ found that at 1000° a 
gaseous mixtures containing 1 per cent, of ozone decomposes 
spontaneously in 7 x 10*^ seconds to a content of a thousandth 
part of a per cent. It is, consequently, difficult to prepare ozone 
thermically. Nevertheless Fischer,^ in conjunction with Braehmer 
and Marx, has succeeded in obtaining ozono by means of heat in a 
number of different ways. They burned hydrogen and other com¬ 
bustible gases in liquid air or liquid oxygen, and found ozone in the 
residual air or oxygen. They obtained the same result by heating a 
platinum wire or a Nernst filament to a white heat in liquid oxygen. 
Indeed, in this last case the ozone content corresponded very nearly 
to the amount required by theory. That is, one can calculate from 
the e.m.f. of an ozone-oxygen cell approximately what the ozone 

^ Annahn der Fhysik., (lY.) 14 (1904), 334. Compare also Jahn, Zeit, 
/. amrg, Chem., 48 (1906), 260. 

2 Berl Ber., 39 (1906), 940 and 2557. 
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concentration would be when in equilibrium ab different temperatures 
with oxygen at atmospheric pressure.^ It is found that at 1296° a 
content of 0*1 per cent., and at 2048° a content of 1 per cent, (by 
volume), should be stable. This agrees approximately with the 
results of Fischer and Braehmer. It is possible to prove that ozone 
is formed in the combustion of hydrogen and around a Nernst 
filament glowing in oxygen, even without the use of liquefied gases, 
by simply forcing air or oxygen at a high-enough speed over the 
hydrogen flame or filament. If the cooling gas is nob forced by 
rapidly enough, nitric oxide is formed. The ozone has time to 
decompose, but the nitric oxide does not. 

Hydrogen peroxide was also formed in the combustion experiments 
when the velocity of the cooling gas was very great, but, strange to 
say, none was detected in the experiments with liquid air or oxygen. 
Its rate of decomposition is also very great, approaching that of 
ozone.^ Its formation by the sudden chilling of a hydrogen flame 
with ice has been well known since the experiments of Traube. Its 
concentration at equilibrium can be calculated from the difference 
between the potentials of oxygen and hydrogen peroxide. IsTernst ^ 
made the calculation on the assumption that the difference of 
potential amounted to 0*374 volt. Meanwhile it has been found 
that the potential then assumed for oxygen was some 0*12 or 0*13 
volt too low. The author now finds, from his measurements of the 
hydrogen peroxide and the oxygen potential, that the difference is 
0*42 or 0*4.3 volt. Calculating from this value, the stable content 
of hydrogen peroxide at these high temperatures is found to be 
somewhat less than Nernst’s values. 

Nitrous oxide is the only other endothermic compound of this 
class where rate of decomposition has been measured. Hunter^ 
finds that its rate of decomposition is considerably less than that of 
ozone or hydrogen peroxide, but still at about 800° is a thousand 
times greater than that of nitric oxide. This shows clearly why, in 
preparing nitric oxide at high temperatures, the formation of nitrous 
oxide has never been observed. 

IV. Warburg and Leithauser® have shown, in contradiction to 
the older observations of Berthelot, that when a direct current 

1 Nernst, Zeitfw Eie&i/rocTi&m, 9 (1903), 891. 

Ihid., 11 (1906), 713. Compare Finckh, Zeit. f,amrg. Qhem., 45 (1905), 

116. 

^ Zeitphys. ch&m.y 46 (1903), 720. 

* im., 63 (1905), 441. 

« Annahn der FhysiK, [4] 20 (1906), 743. 
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is sent either through dry or moist air at atmospheric pressure the 
nitrogen is partially oxidized, even at temperatures between 19° and 
200 °. It therefore becomes doubtful whether the formation of NO 
from No and 0 ^ in the electric arc is purely a thermic process. 
Warburg and LeithiLuser used potentials of 5500 to 10,000 volts, and 
current strengths of 0*14 to 0*4 milliampere. One electrode con¬ 
sisted of a pair of platinum points, the other of a piece of sheet 
platinum connected with the earth. The quantity of oxidation pro¬ 
ducts formed was, to be sure, very small, about a mol of NO being 
formed in the most favourable cases per ampere hour, or, on the 
basis of a potential of 10,000 volts, about 0*1 mol per kilowatt hour. 
Usually the yield was not so good (about 0*05 mol per kilowatt 
hour, or 3 grams of HNO 3 per kilowatt year). The reason of this 
formation of nitrous vapours by still electrical discharges is not yet 
clear. One might think that photochemical action was perhaps 
responsible, because we know that this is usually the cause of the 
formation of ozone. But if it is, then only wave-lengths less than 
0 * 2/>6 can be operative, for Kreussler " has shown that only such are 
absorbed to any extent by air. On the other hand, Warburg’s 
experiments furnish ground for the assumption that ozone is pro¬ 
duced in still electrical discharges by electronic impacts. Warburg 
came to the conclusion that the negative glow and the positive 
column in point discharges indicate a high velocity of the gaseous 
ions, and that the collisions of these rapidly moving ions with the 
gas molecules cause chemical reactions to take place (ozoiiization), 
which would not occur were the motions less rapid. A similar action 
of rapidly moving ions might contribute to the formation of the 
oxides of nitrogen, both in the still electrical discharge and in the 
high-tension arc. Nevertheless, since there are no facts known 
which disagree with the thermic explanation of the action of the arc, 
we had best adhere to that explanation for the present. 

V. New data are now available bearing on the velocity of forma¬ 
tion and decomposition of the oxides of nitrogen. These data, which 
are derived from experiments performed in tubes heated from the 
outside, do not, however, provide us with any simple picture of what 
takes place when these reactions are brought about by the electric arc. 

A series of experiments by Finckh ^ first deserves notice. He 
repeated Bunsen’s experiments upon the oxidation of nitrogen by 
the explosion of an oxyhydrogen mixture in the presence of an 

^ Wied, Annahn, 6 (1901), 412. 

* Zeit,f, anorg. Ohem., 45 (1905), 116. 
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excess of air. He covered the mercury used to seal off the exploding* 
gas mixture with a thin layer of 10 per cent, potassium hydroxide in 
order to prevent the nitrous or nitric acid formed from acting on the 
mercury. Equilibrium was not reached because of the relatively low 
temperatures attained, these being, in the two series of experiments 
according to calculations of Nernst,^ 2307'" and 2402°. Nernst assume, 
as a first approximation, that the formation of NO takes place 
isothermally at the maximum temperature, and puts the time of 
reaction proportional to the square root of the initial pressure of the 
gas mixture. In this way he calculates values for the yield which 
are very close to those actually obtained by Finckh. Fincth found 
the concentration of NO at equilibrium at 2307° to be 2*05 per 
cent.; at 2402°, 2*23 per cent. These numbers are very similar to 
those found by other investigators in entirely different ways. 

Certain experiments by Jellinek ^ afford a surer basis for calcula¬ 
tion. He studied the rate of formation and decomposition of nitric 
oxide in porcelain, platinum, and iridium vessels at temperatures 
varying from 689 ° to 1750°. He found that the velocity constants 
throughout the whole temperature interval studied were doubled for 
every 50° rise in temperature. To be sure, the walls of his vessels 
exerted a somewhat disturbing catalytic effect. 

The equilibrium was reached even at 2800° in the thousandth 
part of a second. We can predict that at a temperature of 3300° the 
same result would be attained in 10“® second. If, then, the arc light 
consists of a heated thread of gas only 0*01 mm. in thickness, equili¬ 
brium would be very nearly attained even if the air were forced 
through at a rate of 1000 m. per second, provided no other factor 
enters in. Similar considerations hold for the rate of decomposition, 
so that it is surprising that the air can be withdrawn from the arc 
without much trouble, and its NO content still kept up to 7 per cent. 
On the other hand, it is known that if a stream of air is blown 
through an alternating current arc with the greatest velocity, only a 
very small amount of NO is formed. 

VI. Gran and Euss^ have undertaken a thorough investigation 
of the formation of nitric oxide in stationary high-tension arcs. 
They used cooled capillaries in sucking their samples of gases out of 
the arcs. With arcs 3 cm. long they succeeded in obtaining a gas 
mixture containing as much as 5 per cent. NO, corresponding, accord¬ 
ing to the equilibrium measurements of Nernst, to a temperature of 

1 Zeit.f, anorg. Oheim^y 45 (1906), 126. ^ Ibid,, 49 (1906), 229. 

^ Sitzungsber, d. Imis. Acad. Wien, 115 Ha. (1906), 157. 
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3100°. They concluded that this content represented the true 
equilibrium concentration, using air and an arc of the given length. 
Using arcs 5 cm, long, they,improved the yield to as much as 5*6 per 
cent. NO. The yield in their experiments corresponds to between 
500 and GOO kg. HNO 3 per kilowatt year, and they promise still 
better yields using long arcs. This proposal is, indeed, contained in 
the French patent of the Badische Anilin und Sodafahrik. We 
cannot deal here with the already extensive literature, or the rapidly 
increasing number of patents dealing with the technical preparation 
of nitric oxide. They can be found in the recent volumes of the 
Zeitschrift filr EleUrochemie either as original articles or as abstracts. 

VII. Baur has attempted, in his book on Spectroscopy and 
Colorimetry,” ^ to explain the radiation phenomena of flames without 
the assumption that luminescence takes place in them. He explains, 
for instance, the intense green light which the inner cone of the 
bunsen burner sends out when the primary air-supply is large, by 
the hypothesis that under these conditions methane is present in the 
brightly radiating layer. Its absorptive power, according to all the 
measurements we possess, is large, so that we can assume a high 
coefficient of emission. Since, now, there is no methane in the 
layer of gas in immediate contact with the burning zone, a differ¬ 
ence in the brilliancy could be brought about in this way. 

Dr. Lacy, however, has tried in vain, in the author’s laboratory, 
to produce a lighting effect by blowing methane into a flame of 
benzene at a point above the inner combustion zone, even when the 
methane had been previously heated by passing it through hollow 
JSTernst rods heated for several centimetres to a very high tem¬ 
perature. 

Further, it should be observed that the difference between the 
absorptive power of carbon dioxide and methane (1: 4*5) is not 
sufficient to explain the difference between the radiation from the 
inner cone and the adjacent layers of the bunsen flame. The 
unburnt gas-air mixture does indeed contain 7 per cent, methane 
which is not present in the burnt mixture, but, on the other hand, 
the latter contains a considerably greater amount of water-vapour 
and carbon dioxide. 

TII. Mayer and Altmayer^ have investigated the stability *of 

^ Vol. V. of Bredig’s ‘^Handbuch der angewandten physikalischen 
Ohemie;” Leipzig, 1907. 

2 Berl Ber., 40 (1907), 2134. 





APPENDICES TO LECTURE VTI 


345 


methane, and find that at one atmosphere pressure the following 
percentages are stable in the presence of hydrogen :— 

Temp. C. ... 250° 450° 550° 750° 850° 

Percent. ... 98-70 7G*80 40-()9 0*08 1*59 

The thermodynamic expression for the c(j[uilihrium— 

C + 2H2$CH4 

is— 

il-l + _ 5-y!)j}4Z«T - O'OOaySGT = . 

It is evident from this expression that with decreasing hydrogen 
pressure the equilibrium pressure of methane rapidly falls. Thus 
at 850°, where at atmospheric pressure 1*59 per cent, methane 
is an equilibrium with hydrogen whose pressure is then 0*9841 
atmospheres, a decrease of the pressure of the hydrogen to 0*1 
atmosphere lowers the methane content to 0*016 per cent. This is 
the very limit at which methane can be analytically detected. By 
combining the methane equilibrium with the carbon dioxide 
equilibrium— 

G + GO.t^'lGO 

w*e readily obtain the equilibrium— 

CO, + ClT,5t2CO + 2H, 

between carbon dioxide, methane, carbon monoxide, and hydrogen. 
This can be done by simply subtracting the expression for the carbon 
dioxide equilibrium from the expression we have just given for the 
methane equilibrium. 

The carbon dioxide equilibrium has recently been more accurately 
investigated by Mayer and Jacoby (private communication). The 
measurements show that above 750° a complication sets in, but, 
using the values obtained below this temperature, we derive the 
expression— 

15-8 - + 3-5-t/ytT - 0-003186T = 

1 

Subtracting as indicated above, we obtain— 

_5-;4 _ 3^^ + <j-5834JnT - 0-0002T = 

We see immediately, from this expression, that in hot water-gas 
containing a few percents of CO.^, CO, and H 2 no perceptible 
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